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hensive design m+nual cabig ing  combustion stabi l i ty  theory with practical 
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I I n t r o d u c t i o n  ( con t . )  

The t a s k  s h a l l  i n c l u d e  e m p i r i c a l  e v a l u a t i o n  of gas-gas s t a b i l i t y  a t  two 

regimes of chamber p re s su re :  300 p s i a  and 15  p s i a .  The o b j e c t i v e s  of t h i s  

t a s k  are t o  a t t empt  t o  determine t h e  rate c o n t r o l l i n g  mechanism of combustion 

s t a b i l i t y  wi th  gaseous p r o p e l l a n t s  and t o  i d e n t i f y  areas where f u r t h e r  work i s  

r equ i r ed  

I1 SUMMARY 

This  phase of t h e  c o n t r a c t  cont inued t h e  e f f o r t s  of previous i n v e s t i g a -  

t i o n s  (NAS 8-4008 and NAS 8-20672 Phases I and 11) i n t o  t h e  combustion s t a b i l i t y  

of v a r i o u s  oxygen/hydrogen i n j e c t o r  des igns .  P rev ious ly  c o a x i a l ,  t r i p l e t  and 

m u l t i - o r i f i c e  designs had been c h a r a c t e r i z e d ,  The purpose of t h e  e v a l u a t i o n s  

p re sen ted  h e r e i n  w a s  t o  provide d a t a  f o r  i n j e c t o r s  t o  be used i n  f u t u r e  advanced 

cryogenic  engines .  

The o b j e c t i v e  of Phase 111 w a s  t o  determine t h e  t r a n s v e r s e  mode s t a b i l i t y  

c h a r a c t e r i s t i c s  of c o a x i a l  and HIPERTHIN i n j e c t o r s  i n  a t r a n s v e r s e  e x c i t a t i o n  

chamber. 

Phase I t o  e v a l u a t e  t h e  response of i n j e c t o r s  t o  pu re ly  t r a n s v e r s e  modes of 

i n s t a b i l i t y .  I n  a d d i t i o n ,  t h e  S e n s i t i v e  T i m e  Lag Theory w a s  t o  be extended 

t o  inc lude  o p e r a t i o n  a t  high Mach numbers. 

c o n t r a c t  pe r iod  t h e r e  were funds remaining and t h e  scope of t h e  c o n t r a c t  w a s  

i nc reased  t o  i n c l u d e  a i n v e s t i g a t i o n  of t h e  s t a b i l i t y  c h a r a c t e r i s t i c s  of gaseous 

oxygen/gaseous hydrogen p r o p e l l a n t s  a t  moderate and low chamber p re s su res  (300 

and 15 p s i a ) .  

The t r a n s v e r s e  e x c i t a t i o n  chamber is  a r e s e a r c h  t o o l  developed during 

A t  t h e  conclusion of t h e  o r i g i n a l  

Page 2 
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I1 Summary (cont  ) 

A. COAXIAL TESTING 

Coaxial  i n j e c t o r  t e s t i n g  i n  a t r a n s v e r s e  e x c i t a t i o n  chamber w a s  

conducted us ing  an i n j e c t o r  element prev ious ly  t e s t e d  on Phase I of t h i s  

program and a l s o  on Contract  NAS 8-1174.1. 

during t h i s  test program. The r e s u l t s  compared favorably  wi th  p red ic t ed  

s t a b i l i t y  c h a r a c t e r i s t i c s  us ing  c o r r e l a t i o n s  based on S e n s i t i v e  T i m e  Lag 

Theory e 

Twenty-four tests were conducted 

B. HIPERTHIN TESTING 

Combustion s t a b i l i t y  c h a r a c t e r i s t i c  of HIPERTHIN i n j e ,  " t o r s  were 

a l s o  obta ined  dur ing  t h i s  phase. Previous test h i s t o r y  on Advanced I n j e c t o r s  

Development Program (Contract  NAS 8-21052) showed i n s t a b i l i t i e s  occur r ing  a t  

h igh  f r equenc ie s  us ing  t h e  same i n j e c t o r  p a t t e r n  as t e s t e d  on t h i s  program. 

This i n d i c a t e d  t h a t  t h e  s e n s i t i v e  frequency f o r  t h i s  i n j e c t o r  p a t t e r n  w a s  too  

h igh  f o r  t h e  e x c i t a t i o n  chamber used f o r  c o a x i a l  i n j e c t o r  tests. 

smaller, h e a t  s i n k  e x c i t a t i o n  chambers w e r e  b u i l t  f o r  eva lua t ion  of HIPERTHIN 

i n j e c t o r s .  

from 4500 Hz t o  16,OO Hz, 

Consequently, 

The fundamental mode frequency f o r  t h e s e  e x c i t a t i o n  chambers ranged 

Four d i f f e r e n t  s i z e s  of e x c i t a t i o n  chambers and t e n  i n j e c t o r s  were 

b u i l t  and twenty-eight tests were conducted wi th  them. The test r e s u l t s  showed 

t h a t  some of t h e  in jec tor /chamber  conf igu ra t ions  were spontaneously uns t ab le  

and o t h e r s  were dynamically s t a b l e ,  

growth rates were used t o  c h a r a c t e r i z e  t h e  system. I n  t h e  case of t h e  s t a b l e  

tests, a non-d i r ec t iona l  bomb w a s  discharged during t h e  s t eady- s t a t e  p o r t i o n  

of t h e  test and t h e  decay rates of t h e  p r e s s u r e  s p i k e  were used t o  c h a r a c t e r i z e  

t h e  system. 

On t h e  u n s t a b l e  tests t h e  i n s t a b i l i t y  

Page 3 
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I1 Summary (cont  ) 

C, GAS-GAS TESTING 

Two series of tests were conducted i n  t h e  i n v e s t i g a t i o n  of gaseous 

oxygen/gaseous hydrogen s t a b i l i t y  c h a r a c t e r i s t i c s .  

b u i l t  p rev ious ly  f o r  ALRC IR&D p r o j e c t s .  The f i r s t  c o n s i s t e d  of twelve tests 

a t  nominal and p e r i p h e r a l  o p e r a t i n g  cond i t ions  f o r  t h e  proposed Aux i l i a ry  

Propuls ion System (OS) engines  f o r  t h e  Space S h u t t l e  Vehicle.  

conducted a t  300 p s i a  chamber p r e s s u r e  and mixture  r a t i o s  from two t o  s i x .  A l l  

tests used a non-d i r ec t iona l  bomb f o r  dynamic s t a b i l i t y  t e s t i n g .  Although each 

test experienced spontaneous p r e s s u r e  o s c i l l a t i o n s ,  t hey  had peak t o  peak va lues  

less than  f i v e  p e r c e n t  of t h e  chamber p r e s s u r e ,  I n  a d d i t i o n  no s u s t a i n e d  i n s t a -  

b i l i t i e s  were caused by t h e  bomb and p r e s s u r e  o s c i l l a t i o n s  caused by t h e  pres- 

s u r e  s p i k e  d i s s i p a t e d  w i t h i n  10 msec. 

t h e  o s c i l l a t i o n s  t o  decay from a bomb induced p r e s s u r e  s p i k e  w a s  p r o p o r t i o n a l  

t o  t h e  mixture  r a t i o  w i t h  l i t t l e  dependence on f u e l  temperature.  

Both u t i l i z e d  hardware 

Tes t ing  w a s  

The d a t a  i n d i c a t e d  t h e  t i m e  r equ i r ed  f o r  

The second series of tests w a s  conducted a t  a chamber p r e s s u r e  of 

This  series w a s  designed t o  15 p s i a  and mixture  r a t i o s  of approximately 2.7, 

i n v e s t i g a t e  t h e  i n t e r a c t i o n  of t h e  f eed  system and chamber i n  an  engine wi th  

gaseous p r o p e l l a n t s .  There w e r e  40 tests, 27 of which w e r e  s u c c e s s f u l .  A l l  

tests were u n s t a b l e  w i t h  a 1500 Hz o s c i l l a t i o n  predominating. 

s u c c e s s f u l l y  damped by u s e  of a f u e l  system re sona to r .  

e v i d e n t  due t o  i n c r e a s e s  i n  t h e  f eed  system p r e s s u r e  drops.  

i n  t h i s  test series d i d  n o t  l e a d  t o  any d i r e c t  conclusion regarding gaseous 

f e e d  systems o t h e r  t han  t h e  appearance of some coupl ing t o  produce t h e  1500 Hz 

o s c i l l a t i o n s .  

N o  o s c i l l a t i o n  

There w a s  no e f f e c t  

The d a t a  obtained 

Page 4 
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I1 Summary (cont  e ) 

D e  ANALYTICAL MODELS 

The S e n s i t i v e  T ime  Lag Theory w a s  extended t o  inc lude  ope ra t ion  

at h igh  Mach numbers i n  t h e  combustion zone. A model w a s  formulated which 

c h a r a c t e r i z e d  t h e  response  of a s t a g e d  combustion system t o  h igh  frequency 

i n s t a b i l i t y .  

tap-of f cyc le  w a s  a l s o  developed. 

A model f o r  t h e  tap-off p o r t i o n  of f eed  system f o r  the ho t  gas 

Page 5 



A. al Ihjector Te&a 

1, e objective of ehazacteriz injectors 
i n  the transverse excitation c The decay ra te  data from 
the pulse was demonstrated as 8 rea l i s t ic  representation of the respon- 
sivenese of the system t o  the coupling of combustion with system acoustics. 

ber was met. 

2. All t es ta  were cctlly stable. By post-test 
-dmd inspection it was dete 

stance downstream. 
ned that cmbustion had occurred a con- 
By consideriw the effect of non-uniform 

injection it was estimated that at the point where canbustiom was occurring 
the mechanim by which the combustion coupled with the s stem acoustics 
w a s  only 43 percent effective. 
would markedly increase i f  the cmbustion chamber used t o  test these 

The l ike l ihoodof  spontaneous ins tab i l i t i es  

e c i f i c d l y  designed t o  sl@coumt for the relatively long 
precombustion distance necessary, e. go 8 chamber whose convergent section 
did not begin until  the combustion was completed* 

3. The correIations for coaxial injectors based on 
sensitive t ory  produced aa accurate expression fo r  the sensitive 

ing) due t o  the effects of d x t u r e  rat io .  
a mere appems t o  be a slight change i n  system 

B. IY Injector Tests 

1. e objective of evduating R%p injectors i n  
se excitation c e m  was met satisfactorily.  Bath s t a l e  and 

unstable t e s t s  were coadueted. The data imdfcated a general 
dependency on e e r  pressure f o r  Prystem stability.. 

2. Successful fabricatLon of ten RIPE N injector platelet  
eved. One groblem was encountered i n  the brazing operatian. 
Id  of one injector appmeaatly was mt adequately brazed 

Page  6 
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I11 Conclusions (cont.) 

to the injector and failed during a test resulting in damage to the 

inject or 

3,  Four copper heat sink combustion chambers were 

satisfactorily manufactured. The hafnia flame barrier coating in the 

combustion zone was unsatisfactory since it flaked and spalled off 

the chamber walls during the test program, The use of heat sink ex- 

citation chambers was completely satisfactory even with the unsatis- 

factory coating performance., There was a minimum of streaking and 

erosion and the throats of each chamber withstood many test firings with 

a minimum change in dimension. 

C e Analytical Model Development 

Two new analytical models were completed and programmed for 

the gas tap-off model and the staged combustion model, the computer; 

In addition the analytical models presented in Ref. 8 have been extended 
to include the effects of operation at high Mach numbers. The computer 

program given in Ref. 8 has undergone extensive revision and is being issued in 
a revised edition which will reflect changes such as those for high Mach 

number operation (Ref, 16)-  The gas-tapoff and staged combustion models 

and computer programs will be included as Appendices to Ref. 16. 

De Gas-Gas Testing 

Two series of tests using gaseous oxygen/gaseous hydrogen 

propellants were completed with hardware developed previously on ALRC 

IR&D programs, 

conditions of the Auxiliary Propulsion Systems of the proposed space shuttle 

vehicle. There are two distinct categories of the A P S ;  high pressure at 300 

psia chamber pressure and low pressure at 15 psia. 

The tests were designed to simulate anticipated operating 

The initial series of twelve tests was designed to investigate 

the dependence of dynamic combustion stability on mixture ratio and propellant 

Page 7 
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I II CONCLUSIONS ( c o n t , )  

t empera ture  a t  a c o n s t a n t  chamber p r e s s u r e  of 300 p s i a ,  A l l  tests were 

dynamically s t a b l e  w i t h  a r e l a t i v e l y  low performing ( :: 95% C - k )  i n j e c t o r ,  

The tes t s  a l l  showed low level ( < 10% of chamber p r e s s u r e )  o s c i l l a t i o n s  

observed b e f o r e  and a f t e r  p e r t u r b a t i o n s  induced by a non-dimensional 

bomb, The damping rates from t h e  bomb induced overpressures  inc reased  

wi th  i n c r e a s i n g  mix tu re  r a t i o ,  

temperature  on t h e  damping t ime of t h e  overpressures ,  It appears  t h a t  

h igh  frequency s t a b i l i t y  c h a r a c t e r i s t i c s  a t  t h e  300 p s i a  A P S  cond i t ions  are 

adequate  wi th  l o w  performing i n j e c t o r s .  Th i s  conclus ion ,  however does not  

r u l e  out  t h e  p o s s i b i l i t y  of problems wi th  h igh  performing i n j e c t o r s .  

There w a s  very  l i t t l e  e f f e c t  of p r o p e l l a n t  

The remaining t e s t s  w e r e  designed t o  i n v e s t i g a t e  f eed  system 

a s s o c i a t e d  i n s t a b i l i t y  a t  a chamber p r e s s u r e  of 15 p s i a .  High frequency 

i n s t a b i l i t y  w a s  no t  eva lua ted  dur ing  t h e s e  t e s t s .  The use  of a p a s s i v e  damping 

dev ice  s i m i l a r  t o  a quarter-wave tube  t o  a l t e r  t h e  admit tance of t h e  f u e l  

feed system i n  an a t tempt  t o  damp low frequency i n s t a b i l i t i e s  was unsuccessful .  

No a t tempt  t o  e v a l u a t e  o x i d i z e r  f e e d  system admi t tance  changes w a s  made. 

I n c r e a s e s  i n  t h e  o x i d i z e r  f eed  system p r e s s u r e  drop appeared t o  have n o  

e f f e c t  on low frequency o s c i l l a t i o n s .  

Page 8 
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IV RECOMMENDATIONS 

A s  a r e s u l t  of t h e  e f f o r t s  of t h i s  c o n t r a c t  an  experimental  technique,  

using t h e  t r a n s v e r s e  e x c i t a t i o n  chamber, has  been developed. Continued use 

of t h i s  dev ice  is recommended when new p r o p e l l a n t  combination o r  unique i n j e c -  

t o r  des igns  are being evaluated.  

Cur ren t ly  t h e r e  is  l i t t l e  o r  no experimental  d a t a  o r  c o r r e l a t i o n s  

r e l a t i n g  i n j e c t o r  des ign  t o  s p e c i f i c  phys i ca l  p rocesses  f e l t  t o  be important  

i n  determining t h e  s t a b i l i t y  c h a r a c t e r i s t i c s  of gaseous p rope l l an t s .  

d a t a  are requi red  i f  t h e  mechanis t ic  type s t a b i l i t y  models are t o  be used. 

Any exper imenta l  work i n  t h i s  area should f i r s t  emphasize measurement tech- 

niques f o r  i d e n t i f i c a t i o n  of t h e  s i g n i f i c a n t  rate c o n t r o l l i n g  processes ,  

should then be followed by experiments designed t o  relate i n j e c t o r  des ign  

c h a r a c t e r i s t i c s  t o  t h e  rate c o n t r o l l i n g  processes .  

These 

This 

The e x c i t a t i o n  chamber because of t h e  a b i l i t y  t o  vary i t s  a c o u s t i c  mode 

frequency is  an e x c e l l e n t  high sound l e v e l  source  f o r  t h e  eva lua t ion  of resona- 

t o r s  under realist ic rocke t  engine condi t ions .  

determine t h e  response of r e p r e s e n t a t i v e  des igns  over a broad frequency range,  

This device  should be used t o  
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V HARDWARE AND TEST FACILITIES 

A, Coaxial  Hardware 

1, I n j e c t o r  

A major p a r t  of t h e  t e s t  a c t i v i t y  of t h i s  program 

w a s  concen t r a t ed  on t h e  c h a r a c t e r i z a t i o n  of t he  high frequency response 

of a c o a x i a l  i n j e c t o r  t o  combustion. The i n j e c t o r  design s e l e c t e d  f o r  t h i s  

t e s t i n g  w a s  a c o a x i a l  element which had been t e s t e d  p rev ious ly  and charac- 

t e r i z e d  f o r  combustion s t a b i l i t y  i n  both a c y l i n d r i c a l  combustion chamber 

(14 i n ,  diameter,  Con t rac t  NAS 8-11741) and 10.5-in. o u t s i d e  diameter by 

6.15-ine i n s i d e  diameter annular  combustion chamber during Phase I o f . c h i s  

program. The c o a x i a l  element t e s t e d  i n  t h e  t r a n s v e r s e  e x c i t a t i o n  chamber 

i s  shown i n  F igu re  1 i n s t a l l e d  on T e s t  Stand J-1 p r i o r  t o  a t es t  f i r i n g .  

A photograph of t h e  c o a x i a l  element used i n  t h e  e x c i t a t i o n  chamber i s  shown 

i n  F igu re  2. A s e c t i o n  v i e w  of t h e  coax ia l  element used i n  e x c i t a t i o n  

chamber t e s t i n g  i s  shown i n  F igu re  3 along wi th  a s e c t i o n a l  view of t h e  

c o a x i a l  elements used i n  t h e  annular  i n j e c t o r  i n  Phase I of t h i s  program, 

The d u r a b i l i t y  of t h e  t r i p l e t  i n j e c t o r  was s i g n i f i c a n t l y  

improved du r ing  Phase I1 of t h i s  program when t h e  s t a i n l e s s  s t e e l  f a c e  was 

r ep laced  wi th  an a l l - coppe r  face.  Photographs of t h e  s t a i n l e s s  s t e e l  t r i p l e t  

i n j e c t o r  a f t e r  two t e s t s  a r e  shown i n  F igu re  ha, 

i n  an a l l - coppe r  f a c e  a f t e r  a maximum of f i f t e e n  t e s t s  i s  shown i n  F igu re  4b. 

T h i s  t e s t  experience provided t h e  p r i n c i p a l  reason f o r  s e l e c t i o n  of an 

a l l - coppe r  f a c e  f o r  t h e  c o a x i a l  i n j e c t o r  f o r  t h i s  phase of t h e  prograrrl. A 

t r a n s i e n t  thermal a n a l y s i s  conducted on t h e  copper c o a x i a l  i n j e c t o r  r e s u l t e d  

i n  t h e  p r e d i c t i o n s  shown i n  F igu res  5 and 6, F igu re  5 shows t h e  p r e d i c t e d  

t r a n s i e n t  h e a t i n g  of t h e  i n j e c t o r  a t  a c r o s s  s e c t i o n  through t h e  coax ia l  

element. F i g u r e  6 shows a c r o s s  s e c t i o n  through t h e  i n j e c t o r  body a t  a loca- 

t i o n  o t h e r  t h a n  t h e  i n j e c t i o n  element. 

The same i n j e c t o r  p a t t e r n  

The s t r e s s  c h a r a c t e r i s t i c s  cif t h e  copper f a c e  were 

i n v e s t i g a t e d  because of t h e  p r c p e n s i t y  of copper t o  p l a s t i c  deformation. 
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v Hardware and T e s t  F a c i l i t i e s  ( c o n t , )  

There w a s  concern t h a t  deformation of t h e  f a c e  would produce a d i s t o r t i o n  

a t  t h e  f u e l  annulus s u f f i c i e n t  t o  a l t e r  t h e  flow c h a r a c t e r i s t i c s ,  A 

f i n i t e  element program w a s  run i n  which temperatures  from t h e  thermal  

a n a l y s i s  were used and s t r a i n  levels p r e d i c t e d  a t  each s t a t i o n .  Resu l t s  

of t h i s  a n a l y s i s  i n d i c a t e d  t h a t  deformations due t o  t h e  s t r a i n  levels of 

normal o p e r a t i o n  would not  be n o t i c e a b l e  u n t i l  a f t e r  20 t e s t  f i r i n g s  i f  t he  

test d u r a t i o n s  w e r e  each less t h a n  two seconds. To i n c r e a s e  t h e  d u r a t i o n  

c a p a b i l i t y  of t h e  copper f a c e  and t o  reduce p l a s t i c  deformation, a t h i n  

c o a t i n g  of zironium oxide coa t ing  was app l i ed  t o  t h e  f a c e  of each i n j e c t o r .  

The major f u n c t i o n  of t h i s  coa t ing  w a s  t o  reduce t h e  temperature  of t h e  

copper face.  The e f f e c t i v e n e s s  of t h e  coa t ing  w a s  apparent  from t h e  f a c t  

t h a t  a f t e r  2 4  t e s t s  t h e  c o a t i n g  w a s  i n t a c t  and no n o t i c e a b l e  deformation 

had occurred. 

2. Transverse E x c i t a t i o n  Chamber 

Transverse modes of i n s t a b i l i t y  a r e  p r e s s u r e  p e r t u r -  

b a t i o n s  pe rpend icu la r  t o  t h e  d i r e c t i o n  of flow i n  a combustion chamber. 

The modes of a c y l i n d r i c a l  combustion chamber included i n  t h i s  ca t egory  are: 

t a n g e n t i a l  modeso r a d i a l  modes, and pocket modes f o r  b a f f l e d  compartments, 

A combustion chamber ( t r a n s v e r s e  e x c i t a t i o n  chamber) w a s  designed and demon- 

s t r a t e d  on Phase I of t h i s  program f o r  t h e  s o l e  purpose of e v a l u a t i n g  t h e s e  

modes of i n s t a b i l i t y ,  

The t r a n s v e r s e  e x c i t a t i o n  chambers used f o r  t r i p l e t  

and c o a x i a l  i n j e c t o r  e v a l u a t i o n s  on t h i s  program are shown disassembled i n  

F igu res  7 and 8 ,  The chamber i n  F igu re  7 w a s  a b l e  t o  i n c o r p o r a t e  up t o  seven 

i n j e c t o r  i n s e r t s  and had a l a r g e  arc d i s t a n c e  a c r o s s  t h e  i n j e c t o r  f a c e  and 

t h e r e f o r e  a low fundamental mode frequency (approximately 2000 Hz). The o t h e r  

chamber, shown i n  F i g u r e  8 and used e x c l u s i v e l y  on t h i s  phase of t h e  program, 

had a s h o r t e r  arc d i s t a n c e  producing a fundamental mode nea r  2800 Hz, 
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v Hardware and T e s t  F a c i l i t i e s  ( c o n t . )  

The t r a n s v e r s e  chamber contour w a s  designed s o  t h a t  

l o s s e s  f o r  t r a n s v e r s e  modes would be low and l o s s e s  f o r  l o n g i t u d i n a l  

modes would be high. 

t o  t h e  mode a c r o s s  t h e  a r c  p o r t i o n  of t h e  chamber, w a s  a t  frequency of 

approximately 13,000 Hz and w a s  above t h e  s e n s i t i v e  frequency of most i n -  

i n j e c t o r  conf igu ra t ions .  The e x c i t a t i o n  chamber, t h e r e f o r e ,  provided 

a d i r e c t  e v a l u a t i o n  of combustion response t o  t h e  fundamental mode f r e -  

quency. An a c o u s t i c  p r e s s u r e  p r o f i l e  f o r  t h e  t r a n s v e r s e  modes of i n -  

s t a b i l i t y  and t h e  t r a n s v e r s e  mode p l u s  t h e  f i r s t  r a d i a l  mode a r e  shown 

on F igure  9. 

The ver t ical  t r a n s v e r s e  mode l o c a t e d  pe rpend icu la r  

The i n j e c t o r  f o r  t h e  t r a n s v e r s e  e x c i t a t i o n  chamber 

c o n s i s t e d  of a s e r i e s  of i n j e c t o r  i n s e r t s  such a s  t h a t  shown i n  F igu re  2. 

The chamber ang le  (arc  d i s t a n c e  a c r o s s  t h e  i n j e c t o r )  w a s  v a r i e d  by use of 

wedges. Once a chamber ang le  had been s e l e c t e d  f o r  a t e s t  s e r i e s ,  t h e  wedge 

w a s  p l aced  i n  t h e  chamber, secured t o  t h e  chamber w a l l ,  and s e a l e d  t o  t h e  

chamber l i d .  The i n j e c t o r  i n s e r t s  were placed i n  t h e  p o r t s  not  covered by 

t h e  wedge t o  make t h e  i n j e c t o r  f o r  t h a t  chamber conf igu ra t ion .  F igu re  8 

shows one coax ia l  i n j e c t o r  i n s e r t  i n  an i n j e c t o r  p o r t  and a wedge covering 

two of t h e  i n j e c t o r  i n s e r t  p o r t s .  A s i m i l a r  wedge exposing only two 

i n j e c t o r s  and another  exposing f o u r  i n j e c t o r s  were a l s o  used. 

zone w a s  p r o t e c t e d  by using a zirconium oxide coa t ing  on t h e  pcbrtion of the 

chamber nea r  t he  i n j e c t o r  and a b l a t i v e  l i n e r s  on t h e  downstream s e c t i o n  of 

t h e  chamber. A s e r i e s  of a b l a t i v e  nozzles  of d i f f e r e n t  t h r o a t  s i z e s  were 

a v a i l a b l e  f o r  attachment t o  t h e  a f t  f l a n g e  of t h e  chamber, and a l i d  was 

b o l t e d  on t h i s  asserribly and s e a l e d  by an O-ring i n  t h e  groove shown. 

The combustion 

A pyro techn ic  i g n i t e r  c o n s i s t i n g  of an Alclo g r a i n  w i t h  

a burn d u r a t i o n  of 1.0 sec ,  w a s  used t o  i g n i t e  t h e  engine. A p u l s e  gun was 

used t o  provide a p r e s s u r e  p e r t u r b a t i o n  during t h e  t e s t .  

a convent ional  300 H&H magnum c a r t r i d g e  and contained 40 g r a i n s  of No. 2 

Bu l l seye  p i s t o l  powder. 

p in .  A 20,000 p s i  b u r s t  diapkragm downstream of t h e  pLlse charge allowed a 

p r e s s u r e  bui ldup p r i o r  t o  d i scha rge  i n t o  t h e  combustion chamber. The b u r s t  

diaphragm a l s o  provided thermal i s o l a t i o n  between t h e  p u l s e  charge and com- 

b u s t i o n  gases.  

The p u l s e  gun used 

Th i s  c a r t r i d g e  w a s  f i r e d  wi th  a squib-dr iven f i r i n g  
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3. F a b r i c a t i o n  of T e s t  Hardware 

a. Coaxial  I n j e c t o r s  

A s t a i n l e s s  s teel  body w a s  used f o r  t h e  coax ia l  

i n j e c t o r .  The s t a i n l e s s  s t e e l  c e n t r a l  o x i d i z e r  t ube  was furnace brazed 

i n t o  t h e  i n j e c t o r  body. 

w i th  t h e  copper f a c e  which formed t h e  f u e l  annulus around t h e  o x i d i z e r  tube; 

t h i s  f i t t i n g  procedure w a s  c r u c i a l  i n  p rov id ing  an a c c u r a t e  f u e l  annulus. 

The assembly w a s  then furnace brazed u s i n g  a lower m e l t  temperature b raze  

a l l o y  t h a n  i n  t h e  p rev ious  b raze  cycle .  F i n a l l y ,  t h e  manifold tubes  w e r e  

a t t a c h e d ,  producing t h e  f i n i s h e d  p a r t  as shown i n  F igu re  2 ,  

The p a r t i a l l y  assembled i n j e c t o r  w a s  t h e n  f i t t e d  

b e  Transverse E x c i t a t i o n  Chambers 

Two e x c i t a t i o n  chambers were cons t ruc t ed  of a l l -  

s t a i n l e s s  s teel .  The chambers were machined from a forged b i l l e t .  The 

nozzle  f l a n g e s  w e r e  l a t e r  welded t o  t h e  chambers. The chamber l i d  w a s  

machined from a p l a t e  of s t a i n l e s s  s teel .  Wedges were made of mi ld  s tee l  

as w e r e  nozz le  housings.  The a b l a t i v e  p i e c e s ,  bo th  l i n e r s  and nozzles ,  

were made of a s i l i c a  pheno l i c  compound des igna ted  WBC-2230 (Western Backing 

Corp.) which has  been used on many a p p l i c a t i o n s  a t  ALRC wi th  s a t i s f a c t o r y  

r e s u l t s .  During low chamber p r e s s u r e  t e s t i n g ,  t h e  e x i t  f l a n g e  w a s  used as 

t h e  t h r o a t ,  An a b l a t i v e  p l a t e  of s i l i c a  pheno l i c  w a s  a t t ached  t o  t h e  a f t  

p o r t i o n  of t h e  chamber t o  p rov ide  thermal p r o t e c t i o n  of t h e  hardware, 

S i l i c o n  O-rings were used f o r  t h e  ho t  gas  seal a t  t h e  fol lowing l o c a t i o n s  

i n  t h e  chamber: (I) t h e  seal between t h e  chamber and chamber l i d ,  ( 2 )  t h e  

nozz le  f l a n g e  and t h e  chamber, and ( 3 )  t h e  s h a f t  seal  between t h e  i n j e c t o r  

and t h e  chamber i n  two l o c a t i o n s .  

4. T e s t  Apparatus & Procedure 

a. T e s t  Stand Setup 
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Coaxia l  i n j e c t o r  t e s t i n g  i n  t h e  t r a n s v e r s e  

e x c i t a t i o n  chamber w a s  conducted a t  ALRC Test Stand J-1. 

of t h e  e x c i t a t i o n  chamber i n s t a l l e d  on t h e  t e s t  s t a n d  p r i o r  t o  t e s t i n g  i s  

shown i n  F i g u r e  1. A schematic  f low and in s t rumen ta t ion  diagram f o r  Tes t  

Stand J-1 i s  shown i n  F igu re  10. P r o p e l l a n t  w a s  supp l i ed  t o  t h e  t e s t  s t a n d  

by a 60-gal lon n i t r o g e n  p r e s s u r i z e d  oxygen tank  and a vacuum jacke ted  

100-gal lon c ryogenic  hydrogen vessel p r e s s u r i z e d  wi th  gaseous hydrogen. 

A photograph 

Liquid  oxygen w a s  used f o r  a l l  t e s t s .  Hydrogen 
0 temperature  a t  t h e  i n j e c t o r  w a s  80 R f o r  t h e  g r e a t e r  p a r t  of t e s t i n g  and 

200 R f o r  t h e  remaining t e s t s ,  Tke hydrogen temperature  w a s  v a r i e d  i n  

o rde r  t o  e v a l u a t e  t h e  e f f e c t  of o p e r a t i o n  a t  two v e l o c i t y  r a t i o s  of t h e  

i n j e c t e d  p r o p e l l a n t s .  A l l  t e s t s  were planned f o r  mixture  r a t i o s  between 

4 and 6. Minor changes i n  t h e  tempera ture  of t h e  p r o p e l l a n t s  i n  t h e  

system produced s i g n i f i c a n t  d e n s i t y  v a r i a t i o n s  r e s u l t i n g  i n  mixture  r a t i o  

v a r i a t i o n s  frcm t e s t  t o  t es t .  The e x t e n t  of t h i s  v a r i a t i o n  may be  seer. 

i n  t h e  t e s t  d a t a  i n  Table  1. 

0 

The hydrogen tempera ture  was main ta ined  by pre-  

cond i t ion ing  t h e  p r o p e l l a n t  i n  t h e  hydrogen vessel t o  t h e  d e s i r e d  tempera- 

t u r e  a f t e r  t h e  system ( l i n e s ,  valves, f l a n g e s ,  e t c . )  had been s u f f i c i e n t l y  

c h i l l e d  t o  ma in ta in  a cons t an t  p r o p e l l a n t  temperature dur ing  t h e  t e s t  f i r i n g .  

T h i s  p recond i t ion ing  w a s  accomplished du r ing  t h e  p r e s s u r i z a t i o n  of t h e  

hydrogen run  v e s s e l  through a d i f f u s e r  a t  t h e  bottom of t h e  tank;  t h i s  allowed 

t h e  warmer gaseous hydrogen t o  t r a n s f e r  hea t  t o  t h e  l i q u i d  hydrogen. 

The p r o p e l l a n t  tempera ture  was monitored dur ing  t h e  

foregoing  procedures  and a t e s t  f i r i n g  wag i n i t i a t e d  when t h e  d e s i r e d  pro- 

p e l l a n t s  tempera ture  w a s  reached. The run  vessel was allowed t o  reach  t h e  

d e s i r e d  p r e s s u r e  b e f o r e  f i n a l  hydrogentemperature w a s  reached. The run  

vessel was t h e r  vented  s l i g h t l y  t o  a l low t h e  temperature  t o  r i s e  wi th  t h e  

e n t r y  of a d d i t i o n a l  p r e s s u r i z a t i o n  gas ,  Th i s  w a s  r epea ted  u n t i l  t h e  d e s i r e d  
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temperature  w a s  obtained.  

b. In s t rumen ta t ion  

The s t a b i l i t y  c h a r a c t e r i z a t i o n  of coax ia l  i n j e c t o r s  

depends l a r g e l y  upon comparison of r e s u l t s  w i th  e x i s t i n g  c o r r e l a t i n g  equa- 

t i o n s .  Data r e q u i r e d  f o r  t h e s e  c o r r e l a t i o n s  were considered of primary 

importance t o  t h e  t e s t  program. The test  measurements included i n  t h i s  

ca t egory  were :  

Dynamic p r e s s u r e  measurements t o  determine 

a c c u r a t e l y  t h e  mode of i n s t a b i l i t y ,  t h e  ampltiude,  and growth o r  decay 

rate of t h e  i n s t a b i l i t y ;  

S t a t i c  measurement of p r e s s u r e  i n  t h e  com- 

b u s t i o n  chamber, f u e l  and o x i d i z e r  manifolds  f o r  e s t a b l i s h i n g  t h e  chamber 

p r e s s u r e  o p e r a t i n g  p o i n t  and t h e  low frequency parameter ( i n j e c t i o n  p r e s s u r e  

drop d iv ided  by o p e r a t i n g  chamber p r e s s u r e ) ;  

The temperature  and s t a t i c  p r e s s u r e  of t h e  

p r o p e l l a n t  and t h e  ra te  p r o p e l l a n t  d i scha rge  i n  o r d e r  t o  c a l c u l a t e  v e l o c i t y  

r a t i o  of t h e  p r o p e l l a n t s  a t  t h e  i n j e c t i o n  p o i n t ;  

P r o p e l l a n t  f low rates f o r  determining mix tu re  

r a t i o ,  

P r e s s u r e  Measurements 

The most important  parameter t o  be 

measured w a s  t h e  dynamic p r e s s u r e  measurements i n  t h e  combustion zonee These 

d a t a  were recorded wi th  helium b leed  K i s t l e r  Model 615A h igh  frequency p res -  

s u r e  t r a n s d u c e r s o  When t e s t i n g  wi th  a wedge i n  t h e  chamber t h e s e  t r ansduce r s  

were l o c a t e d  a t  two l o c a t i o n s ;  on t h e  s i d e  of t h e  chamber near  t h e  p u l s e  gun 

and on t h e  l i d  nea r  t h e  c e n t e r l i n e  of t h e  chamber, These two l o c a t i o n s  may 
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be  seen  i n  F igu re  9a. 

i n s t a l l e d  i n  t h e  chamber w a l l  oppos i t e  t h e  p c l s e  gun. 

352A used dur ing  t h e  Phase I and I1 t e s t i n g  g i v e  d a t a  equal  t o  t h a t  of t h e  

K i s t l e r  Model 615A when f l u s h  mounted t o  t h e  combustion zone. 

t r ansduce r ,  however, has  a 1- inch  diameter  water  cooled flame s h i e l d  exposed 

t o  combustion which s u s t a i n e d  severe damage on s e v e r a l  t e s t s  dur ing  Phase 

I and w a s  r e p l a t e d  by t h e  helium bleed  K i s t l e r  a t . . t ha t  t i m e .  The Kis t le r  

t r ansduce r  demonstrated s a t i s f a c t o r y  frequency response c h a r a c t e r i s t i c s  

when l o c a t e d  c l o s e  t o  combustion,. 

through an  0.060 i n ,  d iameter  b l eed  o r i f i c e  through which helium flowed t o  

provide  improved c o m p a t i b i l i t y  when compared t o  t h e  Photocon i n s t a l l a t i o n .  

When t e s t i n g  wi thout  a wedge, a t h i r d  Kis t le r  was 

The Photocon Model 

The photocon 

The t r ansduce r  w a s  exposed t o  combustion 

The sensor  i n  t h e  K i s t l e r  p r e s s u r e  t r ansduce r  

has  an extremely h i g h  n a t u r a l  f requency (on t h e  o r d e r  of 100,000 Hz), When 

i n s t a l l e d  w i t h  a helium b leed  system t h e  frequency response  of t h e  t r a n s -  

ducer  i s  s i m i l a r  t o  t h a t  shown i n  F igu re  24.a. P re s su re  p e r t u r b a t i o n s  w e r e  

in t roduced  du r ing  the tes t  by f i r i n g  a 40-gra in  p u l s e  t a n g e n t i a l l y  tcl t h e  

t r a n s v e r s e  mode. 

S t a t i c  p r e s s u r e  t r ansduce r s  were used t o  measure 

ope ra t ing  chamber p r e s s u r e  a t  t h e  i n j e c t o r s  and f u e l  and o x i d i z e r  manifolds .  

(3) Temperature Measurements 

Temperature measurements, when coupled wi th  

f low ra te  and pressL;res a t  t h e  i n j e c t o r ,  were used t o  o b t a i n  v e l o c i t y  r a t i o  

da t a ,  The response of t h e  temperature  meast;ring equipment w a s  c r u c i a l  i n  

o b t a i n i n g  t h e  d a t a  a t  t h e  t i m e  i n  a t e s t  when an i n s t a b i l i t y  occurred. The 

temperature  measuring device  s e l e c t e d  t o  o b t a i n  t h e s e  d a t a  w a s  a 0.020 in .  

diameter  sheathed copper cons t an tan  thermocouple. The thermocouple wires  

were .004 in , -d iameter  and when i n s t a l l e d  i n  a probe had a response t i m e  of 

50 msec. The probe measuring f u e l  temperature  was p laced  as c l o s e  as p o s s i b l e  

t o  t h e  p o i n t  of e n t r y  t o  t h e  combustion zone s i n c e  t h e  change i n  f u e l  d e n s i t y  
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is large in response to only slight changes in temperatures 

was not subject to as severe a density change, hence placement of the thermo- 

couples in the oxidizer manifold posed no problems. 

The oxidizer 

( 3 )  Flow Measurements 

Conventional turbine type flow meters 

were used to obtain volumetric flow data for both fuel and oxidizer cir- 

cuits; pressure and temperatures upstream of the flowmeter were monitored 

to obtain mass flow rates. 

C. Test Procedure 

Both the hydrogen and oxygen tanks were chilled down 

using the cryogenic liquid of each propellant until liquid was observed out 

of the vent stack. The insulated oxygen line and vacuum-jacketed fuel line 

were then chilled down. 

using liquid nitrogen through an external jacket. 

Both fuel and oxidizer manifolds were prechilled 

Testing was initiated after the system was cooled 

down. A fuel lead was used to minimize the compatibility problems associated 

with high temperature operation through stoichiometric mixture ratio. 

tion was obtained by initiating a pyrotechnic igniter. The 40-grain pulse 

was discharged 50 milliseconds prior to FS-2, and the test duration was 

nominally one second. Gaseous nitrogen injector purges were turned on 

manually prior to FS-1 and were checked by system pressures until they had 

decayed below a predetermined level, at which point the purges began to 

flow until closed manually. 

Igni- 

Be HIPERTHIN Hardwar e 

1, Injector 
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The HIPERTHIN i n j e c t o r  was designed t o  d u p l i c a t e  

i n j e c t i o n  c h a r a c t e r i s t i c s  of an i n j e c t o r  from Con t rac t  NAS 8-21052, 

Advanced I n j e c t o r  Concepts I n v e s t i g a t i o n  ( A I C I ) .  This  i n j e c t o r  contained 

an i n t e g r a l  h e a t  exchanger f o r  i n c r e a s i n g  t h e  temperatcre  of t h e  o x i d i z e r  

by removing h e a t  from hea ted  hydrogen, 

w a s  cond.ucted concur ren t ly  wi th  t h e  combustion s t a b i l i t y  i n v e s t i g a t i o n s  

of t h i s  program; a s  a r e s u l t ,  changes were inco rpora t ed  i n t o  t h e  design 

as i t  progressed.  D e t a i l e d  f e a t u r e s  of t h i s  des ign  a r e  i d e c t i f i e d  i n  

Reference 3. Some gene ra l  des ign  c h a r a c t e r i s t i c s  are: 

The design of t h e  i n j e c t o r  f o r  A I C I  

Q2'H2 P r o p e l l a n t s  

Maximum o p e r a t i n g  chamber 1500 p s i a  
p r e s s u r e  

T h r o t t l i n g  range 3 3 :  1 

H i n l e t  temperature  t o  t h e  200 t o  500°R 
h e a t  exchanger 

Mixture r a t  i o  4 t o  6 

2 

The i n j e c t o r  used f o r  t h e  combustion s t a b i l i t y  evalua- 

t i o n s  contained t h e  same i n j e c t i o n  c h a r a c t e r i s t i c s  a s  t h e  A I C I  i n j e c t o r .  

The major d i f f e r e n c e  w a s  i n  t h e  hea t  exchanger p o r t i o n  of the i n j e c t o r .  

The s t a b i l i t y  e v a l u a t i o n  i n j e c t o r  had a s h o r t  s t a i n l e s s  hea t  exchanger 

r a t h e r  t han  t h e  r e l a t i v e l y  long n i c k e l  h e a t  exchanger of t h e  A I C I  i n j e c t o r ;  

t h e r e f o r e ,  p recond i t ioned  p r o p e l l a n t s  were used t o  produce an o u t l e t  temp- 

e r a t u r e  s i m i l a r  t o  t h a t  expected from t h e  A I C I  i n j e c t o r .  

The b a s i c  concept of a HIPERTHIN i n j e c t o r  i s  t o  provide 

an i n j e c t o r  w i t h  a uniform i n j e c t o r  p a t t e r n  of well-mixed p r o p e l l a n t s .  

The i n j e c t o r s  were b u i l t  from a s e r i e s  of t h i n  p l a t e l e t s  of s t a i n l e s s  s t e e l  

c o n s i s t i n g  of 0,020-in. t h i c k ,  s e p a r a t o r  p l a t e l e t s ,  0 ,006- ina - th i ck  f u e l  

meter ing p l a t e l e t s ,  and Oe008-in.-thick o x i d i z e r  me te r ing  p l a t e l e t s .  

An i n j e c t o r  assembly was made up of a o x i d i z e r  me te r ing  

p l a t e l e t  followed by a s e p a r a t o r  p l a t e l e t ,  a . f u e 1  meter ing p l a t e l e t ,  and 
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ano the r  s e p a r a t o r  p l a t e l e t .  

An i n j e c t o r  was  c o n s t r u c t e d  by r epea ted  assembly of such u n i t s ,  

Th i s  arrangement i s  shown i n  F igu re  11, 

The i n j e c t o r  f o r  t h i s  program w a s  designed t o  d u p l i c a t e  

t h e  p r e s s u r e  drop s e c t i o n  and p a r t  of t h e  hea t  exchanger s e c t i o n  of t h e  A I C I  

i n j e c t o r .  A comparison .of t h e  f u e l  i n j e c t i o n  p o r t i o n  of t h e  i n j e c t o r  t e s t e d  

on t h i s  program and a s imi l a r  f u e l  p l a t e l e t  from t h e  A I C I  i n j e c t o r  i s  seen 

i n  F i g u r e  12, 

A photograph of t h e  series of p l a t e l e t s  used i n  t h e  

HIPERTHIN i n j e c t o r  i s  shown i n  F igu re  13. The f u e l  s e p a r a t o r  p l a t e l e t  

con ta ins  through-etched manifold passages and depth-etched d i s t r i b u t i o n  

passages which f eed  through-etched f u e l  meter ing passages i n  t h e  f u e l  

meter ing p l a t e l e t .  

manifold and me te r ing  passages and w a s  p l a t e d  wi th  b raze  a l l o y  t o  an 

a c c u r a t e l y  c o n t r o l l e d  th i ckness .  The o x i d i z e r  s e p a r a t o r  p l a t e l e t  was 

cons t ruc t ed  i n  t h e  same manner as t h e  f u e l  s e p a r a t o r  p l a t e l e t ;  however, 

t h e  d i s t r i b u t i o n  grooves o r i g i n a t e  i n  t h e  oppos i t e  manifold passage* The 

o x i d i z e r  me te r ing  p l a t e l e t  w a s  a l s o  a c c u r a t e l y  p l a t e d  wi th  braze a l l o y  

The f u e l  meter ing p l a t e l e t  c o n t a i n s  through-etched 

and c o n t a i n s  through-etched me te r ing  passages which are f e d  by t h e  depth- 

e tched d i s t r i b u t i o n  passages of t h e  s e p a r a t o r  p l a t e l e t .  The width of 

t h e  me te r ing  groove i n  t h e  p r e s s u r e  drop sectdon of t h e  meter ing p l a t e l e t  

w a s  c a r e f u l l y  c o n t r o l l e d  t o  produce uniform p r o p e l l a n t  d i s t r i b u t i o n  and an 

accu ra t e ,  p r e d i c t a b l e  p r e s s u r e  dropo 

A computer program developed on t h e  A I C I  program 

p r e d i c t e d  t h e  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  of t h e  hea t  exchanger p o r t i o n  

of t h e  i n j e c t o r .  T h i s  program w a s  used t o  p r e d i c t  t h e  p r o p e l l a n t  temperature 

a t  t h e  h e a t  exchanger o u t l e t ,  T h i s  w a s  used t o  determine t h e  d e s i r e d  pro- 

p e l l a n t  c o n d i t i o n s  a t  t h e  manifold of t h e  i n j e c t o r  used on t h i s  program, 

The a c t i o n  of t h e  p r o p e l l a n t s  w i t h i n  t h e  i n j e c t o r  i s  as fol lows,  The pre-  

cond i t ioned  p r o p e l l a n t s  e n t e r  t h e  f u e l  and o x i d i z e r  manifolds  and are d i s -  

t r i b u t e d  throughout t h e  i n j e c t o r  by t h e  depth-etched d i s t r i b u t i o n  grooves 
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of t h e  f u e l  and o x i d i z e r  s e p a r a t o r  p l a t e l e t s .  The p r o p e l l a n t s  then  f low 

atlow v e l o c i t i e s  th rough t h e  d i s t r i b u t i o n  s e c t i o n  of t h e  i n j e c t o r  t o  t h e  

me te r ing  sec t ion .  A t  t h e  p r e s s u r e  drop s e c t i o n  of  t h e  meter ing  p l a t e l e t s  t h e  

v e l o c i t y  of t h e  p r o p e l l a n t  i s  increased  s i g n i f i c a n t l y  t o  produce t h e  d e s i r e d  

p r e s s u r e  drop f o r  t h e  i n j e c t o r .  

f low passage t o  i t s  o r i g i n a l  s i z e .  

t h e  combustion chamber. 

The v e l o c i t y  i s  then reduced by en la rg ing  t h e  

The p r o p e l l a n t s  are then  i n j e c t e d  i n t o  

I n j e c t i o n  v e l o c i t i e s  under normal ope ra t ing  cond i t ions  

were 300 t o  400 f t / s e c  f o r  t h e  f u e l  and 70 t o  1 0 0 f t / s e c  f o r  t h e  ox id ize r .  

These v e l o c i t i e s  coupled w i t h  m a s s  d i scha rge  produced a r a t i o  of momentum 

of in j ec t eC  f u e l  t o  o x i d i z e r  from 0,75 t o  1.00 over t h e  range of ope ra t iona l  

cond i t ions  used dur ing  t h e  t es t  program desc r ibed  i n  Sec t ion  V,B,4.  

Many sets  of p l a t e l e t s  w e r e  used t o  produce a completed 

i n j e c t o r .  The f i r s t  p l a t e l e t  s e t  s t a r t e d  wi th  a o x i d i z e r  passage and t h e  

l a s t  p l a t e l e t  set ended wi th  an f u e l  passage;  one a d d i t i o n a l  set  of f u e l  

me te r ing  and s e p a r a t o r  p l a t e l e t s  w e r e  added t o  each i n j e c t o r  s o  t h a t  bo th  

o u t s i d e  passages  w e r e  f u e l .  The i n t e n t  of adding t h e  f u e l  passage w a s  t o  

i n c r e a s e  t h e  c o m p a t i b i l i t y  between t h e  i n j e c t o r  chamber and t o  provide  

a s l i g h t l y  f u e l - r i c h  zone a t  t h e  j u n c t i o n  between t h e  i n j e c t o r s  when more than  

one i n j e c t o r  w a s  used i n  a combustion chamber. The f i r s t  f o u r  i n j e c t o r s  had 

3 4  se t s  of p l a t e l e t s ;  t h e  next  fou r  i n j e c t o r s  i nc reased  t h e  p l a t e l e t  se t s  

t o  35 t o  provide  a s l i g h t  i n c r e a s e  i n  i n j e c t o r  width because i t  hsd been found 

t h a t  t h e  shr inkage  of t h e  p l a t e l e t  assembly du r ing  t h e  f i r s t  b raze  ope ra t ion  

w a s  g r e a t e r  t han  had been a n t i c i p a t e d .  These e i g h t  i n j e c t o r s  had f i n a l  f a c e  

dimensions of approximately 0,75 t o  2.0 i n .  Two o t h e r  i n j e c t o r s  w e r e  b u i l t  

w i t h  52 sets  of p l a t e l e t s  producing an i n j e c t o r  f a c e  0.75 t o  3.0 in .  

Fol lowing i s  a l i s t  of des ign  d e t a i l s  ccmmon t o  a l l  

of  t h e  i n j e c t o r s ;  
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Fuel  
_s 

Oxidizer  

Depth of d i s t r i b u t i o n  passages 0,008 0 e 006 

Width of d i s t r i b u t i o n  passages 

Depth of meter ing passages 

Width of meter ing passages 

Depth of i n j e c t i o n  passages 

Width of i n j e c t i o n  passages 

No. of o r i f i c e s  p e r  p l a t e l e t  

0 050 0.050 

0 008 0 e 006 

0 028 0,034 

0,008 0 e 006 

0 (. 050 0 e 050 

8 8 

2 e E x c i t a t i o n  Chamber 

S e l e c t i o n  of a chamber s i z e  f o r  eva lua t ion  of t h e  HIPERTHIN 

i n j e c t o r s  f i r s t  r equ i r ed  an estimate of t h e  f requencies  a t  which t h e  HIPERTHIN 

i n j e c t o r  would couple wi th  combustion. The large e x c i t a t i o n  chamber f o r  test- 

i n g  c o a x i a l  i n j e c t o r s  ope ra t e s  a t  fundamental modes f requencies  as l o w  as 

2600 Hz, The vertical  t r a n s v e r s e  mode, which i s  perpendicular  t o  t h i s  f i r s t  

mode, i s  near  13,000 Hz. The frequency band between these  extremes is  adequate  

t o  eva lua te  t h e  most convent iona l  i n j e c t o r  p a t t e r n s ;  however, f o r  t h e  extremely 

f i n e  p a t t e r n ,  as i n  t h e  HIPERTHIN i n j e c t o r ,  s e n s i t i v e  f requencies  could occur 

near  13,000 Hz, I f  so ,  t h i s  would r e q u i r e  an e x c i t a t i o n  chamber capable  of 

t e s t i n g  a t  h ighe r  f r equenc ie s  t o  v e r i f y  t h a t  t h e  i n j e c t o r  response had a c t u a l l y  

reached a maximum. 

I n v e s t i g a t i o n  and previous  test h i s t o r y  wi th  t h e  e x c i t a t i o n  chamber using t r i p -  

l e t  i n j e c t o r s  were used t o  p red ice  a frequency range wi th in  which t h e  s e n s i t i v e  

frequency range  from 4000 Hz t o  16,000 Hz w a s  determined t o  be adequate  t o  

c h a r a c t e r i z e  t h e  i n j e c t o r .  The r e s u l t i n g  minimum i n j e c t o r  f a c e  dimensions of 

2.0 i n .  by 0,75 i n ,  w a s  determined t o  meet t h e  frequency range requirement.  

T e s t  d a t a  from Phase I1 of t h e  Advanced I n j e c t o r  Concepts 

S ince  t h e  vertical mode frequency of t h e  t r a n s v e r s e  e x c i t a -  

t i o n  chamber used  f o r  c o a x i a l  i n j e c t o r  c h a r a c t e r i z a t i o n  w a s  too  nea r  t h e  

p red ic t ed  s e n s i t i v e  frequency of t h e  HIPERTHIN i n j e c t o r ,  smaller h e a t  
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s i n k  chambers were designed f o r  these tests. 

chamber s i z e s ,  producing fou r  fundamental mode f r equenc ie s  between 4000 

and 16,000 Hz, 

p a r t  of t h e  two-dimensional e x c i t a t i o n  chambers. 

of t h e  chamber w a s  0,75 i nches  f o r  t h e  e n t i r e  l e n g t h  of t h e  chamber. 

The major v a r i a b l e s  i n  t h e  f o u r  t r a n s v e r s e  e x c i t a t i o n  chambers were t h e  

chamber r a d i u s  and a rc  d i s t a n c e  a c r o s s  t h e  f a c e  of t h e  i n j e c t o r .  

A s e l e c t i o n  w s s  made of f o u r  

A cons tan t  angle  of 36 deg. w a s  s e l e c t e d  f o r  t h e  converging 

The non-converging he igh t  

The 

The chambers were designed t o  accommodate a modular 

assembly of common s i z e  i n j e c t o r s  t o  c o n s t r u c t  t h e  i n j e c t o r  f a c e  of v a r i e d  

a r c  d i s t a n c e s .  The 2-in. by 0.75 i n .  i n j e c t o r  was chosen f o r  c o n s t r u c t i o n  

of t h r e e  of t h e  fou r  e x c i t a t i o n  chambers, 

l a r g e s t  chamber, which had an 8- in .  f a c e  composed of fou r  of t h e  i n j e c t o r s  i s  

shown i n  F igu re  14, A chamber with a 4- in ,  f a c e  used two i n j e c t o r s ,  and 

a chamber wi th  a 2-in.  f a c e  had one i n j e c t o r .  A f o u r t h  chamber wi th  a 3- in .  

f a c e  used one i n j e c t o r  3 i n .  wide. 

A schematic r e p r e s e n t a t i o n  of t h e  

The chamber contour w a s  t y p i c a l  of t h e  t r a n s v e r s e  
0 

e x c i t a t i o n  chamber design.  The chamber w a l l s  converged a t  a cons t an t  36 

angle  t o  t h e  i n j e c t o r  face.  When t h e  fou r  i n j e c t o r  modules were p l aced  i n  

tE.e l a r g e s t  e x c i t a t i o n  chamber, t h e  f a c e  of t h e  i n j e c t o r  approximated an 

a r c ;  a s i m i l a r  s i t u a t i o n  e x i s t e d  f o r  t h e  two i n j e c t o r  module chamber. I n  

t h e  t.wo s m a l l e s t  chambers, which accept  on ly  a s i n g l e  i n j e c t o r  module a 

f l a t  f a c e  i n j e c t o r  r e s u l t s .  The assembled chambers a r e  shown i n  F igu re  15, 

A hea t  s i n k  type  combustion chamber w a s  s e l e c t e d  as 

t h e  b e s t  cand ida te  f o r  t h e  types of t es t s  planned f o r  t h e  HIPERTHIN i n j e c t o r s .  

Copper was s e l e c t e d  as t h e  chamber m a t e r i a l  because of i t s  hea t  s i n k  c a p a b i l i t y .  

A thermal a n a l y s i s  of t h e  chambers i n d i c a t e d  t h a t ,  a t  high chamber p r e s s u r e s  

of 1500 p s i a ) ,  only ve ry  s h o r t  (0.1 s e c )  t e s t s  could be conducted i f  f r e e -  (p C 

s t and ing  copper was used, whereas a t  low chamber p r e s s u r e s  (Pc  

t es t  d u r a t i o n s  t o  1.0 s e c  w e r e  p r a c t i c a l .  

appeared t o  be a p r a c t i c a l  means f o r  extending t h e  d u r a t i o n  c a p a b i l i t y  of t h e  

A r e f r a c t o r y  c o a t i n g  of h a f n i a  (Hf02) 
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copper chamber. It w a s  p r e d i c t e d  t h a t  a t h i c k n e s s  of 0,005 i n ,  t o  0.007 i n o  

would be adequate  t o  the rma l ly  p r o t e c t  t h e  copper f o r  tes t  d u r a t i o n s  of 

1.0 sec a t  1500 p s i a  chamber p re s su re .  

3. F ab r i cat i on 

a. HIPERTHIN I n j  e c t o r  

The p l a t e l e t s  used i n  t h e  f a b r i c a t i o n  of HIPERTHIN 

i n j e c t o r s  are  shown i n  F igu re  13. The me te r ing  p l a t e l e t s ,  both f u e l  and 

o x i d i z e r ,  w e r e  p l a t e d  t o  a c a r e f u l l y  c o n t r o l l e d  th i ckness  of copper, 

p l a t i n g  se rved  as b raze  a l l o y  f o r  t h e  p l a t e l e t  assembly. The f i r s t  fou r  

i n j e c t o r s  were b razed  t o g e t h e r  without  s t r u c t u r a l  end p l a t e s ,  The brazed 

p l a t e l e t  s t a c k  w a s  t hen  machined f l a t  i n  p r e p a r a t i o n  f o r  end p l a t e  b raze ,  The 

p l a t e l e t  s t a c k  w a s  checked f o r  leakage b e f o r e  b raz ing  t h e  end p l a t e s  t o  t h e  s t ack .  

The end p l a t e s  w e r e  f i t t e d  t o  t h e  p l a t e l e t  s t a c k  and furnace brazed wi th  a 

lower m e l t i n g  temperature  braze a l loy .  The s i d e  of t h e  i n j e c t o r  assembly 

w a s  machined t o  open t h e  manifolds.  

passages w e r e  i n spec ted  v i s u a l l y  a t  t h i s  p o i n t  t o  i n s u r e  t h a t  t h e  passages 

were open and t h e r e  were no in t e r -man i fo ld  leaks.  A p l a t e  with a s s o c i a t e d  

manifold tub ing  w a s  brazed over t h e  open manifold using a s t i l l  lower tempera- 

t u r e  b r a z e  a l l o y  than  t h e  previous b r a z e  operat ion.  A photo of t h e  f a c e  of 

two f i n i s h e d  i n j e c t o r s  i s  shown i n  F igu re  16. 

Th i s  

The i n l e t  p o r t i o n s  of t h e  i n j e c t o r  

The f i r s t  f o u r  i n j e c t o r s  were measured f o r  f l a t n e s s  

b e f o r e  t h e  end p l a t e  b raze  ope ra t ion ,  Th i s  measurement showed t h a t  t h e  

p l a t e l e t  assembly was f l a t  and t h e  end p l a t e s  could have been brazed t o  t h e  

p l a t e l e t  assembly du r ing  t h e  f i r s t  b raze  cycle .  The next  fou r  i n j e c t o r s  

were assembled s o  t h a t  t h e  end p l a t e  b raze  operat . ion w a s  conducted con- 

c u r r e n t l y  wi th  t h e  p l a t e l e t  braze.  T h i s  assembly procedure was s a t i s f a c t o r y  

s i n c e  no 'leakage problems were encountered during subsequent leak-checks. 

The 3 - ins  wide i n j e c t o r s  were brazed i n  t h e  same manner and no problems were 

noted. 

Page 23 



Report 20672-P3F 

v. Hardware and Tes t  F a c i l i t i e s  (cont . )  

When leak-checking t h e  i n j e c t o r s  wi th  t h e  

manifolds  open f o r  v i s u a l  i n spec t ion ,  s m a l l  in te r -mani fo ld  l eaks  w e r e  

noted on several i n j e c t o r s .  There seemed t o  be  an equal  degree of sus-  

c e p t i b i l i t y  t o  t h e s e  l eaks  on both i n j e c t o r s  which had end p l a t e s  brazed 

on during t h e  f i r s t  b raze  cyc le  and i n j e c t o r s  assembled by two s e p a r a t e  

braze  cyc les .  To  e l i m i n a t e  t h e  p o s s i b i l i t y  of i n t e r - c i r c u i t  leakage during 

t e s t i n g ,  a vent  s l o t  was machined i n  every i n j e c t o r  between t h e  two mani- 

fo lds .  The s l o t  w a s  f i l l e d  wi th  braze  a l l o y  p r i o r  t o  t h e  l a s t  braze  cycle .  

The vent  s l o t  allowed t h e  leakage t o  vent  t o  atmosphere i f  t h e  braze  a l l o y  

d i d  not  f i l l  o r  block t h e  l eak  passages.  This  mod i f i ca t ion  apparent ly  

r epa i r ed  most of t h e s e  minor leaks .  Only one i n j e c t o r  showed t h a t  t h e  braze  

a l l o y  d i d  no t  s top  t h e  l eak ,  and i t  w a s  l eak ing  s l i g h t l y  out. t ke  ven t  a t  

moderate p re s su res .  

A f t e r  b raz ing  t h e  two manifolds  cover p l a t e s  

over t h e  f u e l  and o x i d i z e r  manifolds  i t  was discovered t h a t  s l i g h t  leakage 

a l s o  occurred thr;ough t h i s  braze  j o i n t .  A r e t a i n e r  groove w a s  inachined around 

t h i s  j o i n t  and a r e p a i r  b raze  conducted. The i n j e c t o r s  were then l eak  checked 

and proof t e s t e d  p r i o r  t o  t es t  f i r i n g .  

Af t e r  t h e  i n j e c t o r  braze  ope ra t ions  were completed, 

t h e  p a r t  of t h e  i n j e c t o r  t h a t  i n s e r t e d  i n t o  t h e  chamber w a s  machined t o  f i n a l  

contour.  The i n j e c t o r  passages were machined open and t h e  f a c e  was e l e c t r o -  

po l i shed  t o  c lear  t h e  passages of sn;all bu r r s .  

of completed i n j e c t o r s  i s  shown i n  F igu re  17. 

A photograph of tk.e two s i z e s  

b. E x c i t a t i o n  Chamber 

The t r a n s v e r s e  e x c i t a t i o n  chambers b u i l t  f o r  charac- 

t e r i z a t i o n  of HIPERTHIN i n j e c t o r s  were brazed assemblies  of OFHC copper 

p l a t e o  

wi th  s t e e l  r i b s  t o  provide  a h igher  r i g i d i t y  ac ross  t h e  unsupported s e c t i o n s  

of t h e  chamber, These r i b s  a l s o  prevented t h e  chamber from sagging when t h e  

The p l a t e s  f o r  t h e  f l a t  p a r t s  of t h e  chamber were f i r s t  r e in fo rced  
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f l a t  p l a t e s  were brazed t o  t h e  s i d e  p i e c e s  which formed t h e  chamber contour,  

A photograph of t h e  l a r g e s t  chamber i s  shown i n  F igu re  18, 

of t h e  chambers, t h e  i n t e r n a l  contour a t  t h e  combustion zoce w a s  coated wi th  

h a f n i a  (Hf02) p r i o r  t o  t h e  f i n a l  b raze  cycle. The two smallest chambers are 

shown i n  F igu re  19, a f t e r  t h e  coa t ing  w a s  app l i ed  and p r i o r  t o  f i n a l  brazing.  

During t h e  assembly 

To e v a l u a t e  t h e  e f f e c t  of s u b j e c t i n g  copper 

coa ted  w i t h  h a f n i a  t o  a b raze  cyc le ,  test  samples w e r e  made with va r ious  

c o a t i n g  t h i c k n e s s e s ,  w i t h  and without a base coa t ing  and sub jec t ed  t o  an 

experimental  braze cycle .  

prepared w i t h  t h e  fol lowing coa t ing  d e t a i l s :  

Five 0.375 x 3.0 x 5.0 p l a t e s  of OFHC copper were 

(1) 0.003 i n .  t h i c k  h a f n i a  on 0.004 i n o  t h i c k  

N ichrome base 

( 2 )  0.005 i n .  t h i c k  h a f n i a  on 0.004 i n .  t h i c k  

( 3 )  0.005 i n .  t h i c k  h a f n i a  on p a r e n t  copper 

( 4 ) &  0.005 in .  t h i c k  h a f n i a  on 0.004 i n .  t h i c k  
( 5 )  Nichrome base  on one-half of t h e  p l a t e .  The 

o t h e r  h a l f  w a s  uncoated pa ren t  cooper, 

Nichrome base 

The two p l a t e s  which were only coated on h a l f  of t h e  p l a t e  were used t o  make an 

experimental  l a p - j o i n t  where t h e  two s u r f a c e s  of pa ren t  me ta l  were brazed 

t o g e t h e r  e 

A l l  of t h e  coated p a r t s  survived t h e  fu rnace  b raze  

cyc le ,  No evidence of pee l ing ,  f l a k i n g ,  o r  s e p a r a t i o n  from t h e  p a r e n t  s u r f a c e  

w a s  observed. The experimental  b raze  j o i n t  w a s  s a t i s f a c t o r y .  No evidence 

of c rack ing  o r  d e t e r i o r a t i o n  of s t r e n g t h  of t h e  j o i n t  w a s  noted nor w a s  t h e r e  

d e t e c t e d  any i n t r u s i o n  of b raze  material i n t o  t h e  coat ing.  

from t h e s e  experiments t h a t  t h e  bond of t h e  c o a t i n g  t o  t h e  chamber would 

not  d e t e r i o r a t e  s e r i o u s l y  during a b raze  c y c l e s  

It w a s  concluded 
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A s  a r e s u l t  of t h e  above experiments,  a l l  t h e  e x c i t a -  

t i o n  chambers r ece ived  a 0.004 t o  0,006 in .  c o a t i n g  of h a f n i a  on t h e  pa ren t  

copper p r i o r  t o  t h e  f i n a l  b raze  cycle .  The c o a t i n g  w a s  app l i ed  t o  t h e  com- 

b u s t i o n  zone and t ape red  o f f  under t h e  i n j e c t o r s .  

co  A n c i l l a r y  Hardware 

Th i s  hardware included: manifolds ,  i g n i t e r ,  and 

p u l s i n g  device.  

Manifolds f o r  f eed ing  fou r  i n j e c t o r s  s imultaneously 

were made f o r  both f u e l  and o x i d i z e r  systems. These manifolds  were balanced 

f o r  uniform p r o p e l l a n t  d i scha rge  by s e l e c t e d  f i t t i n g  of t h e  o r i f i c e s  t o  t h e  

d i scha rge  p o r t s .  T h i s  same p i e c e  of hardware served as manifold f o r , t h e  

2 - i n j e c t o r  chamber by capping two of t h e  d i scha rge  p o r t s .  

The p r o p e l l a n t s  were i g n i t e d  by a pyrotechnic  igniter 

which screwed i n t o  a s t anda rd  l14-inch f i t t i n g .  

t h e s e  t.ests had a 10 msec burning time. This  i g n i t e r  w a s  s e l e c t e d  because 

of i t s  s i z e  and a h i s t o r y  of s a t i s f a c t o r y  use of experimental  t e s t  programs. 

The i g n i t e r  s e l e c t e d  f o r  

A non-d i r ec t iona l  bomb con ta in ing  100 mg of RDX 

exp los ive  w a s  designed s p e c i f i c a l l y  f o r  t h i s  program and may be seen on 

F igu re  15 i n s t a l l e d  i n  t h e  3- in .  e x c i t a t i o n  chamber. The bomb w a s  i n s e r t e d  

through a l / 4 - i n c h  Swagelock f i t t i n g  and s e a l e d  on a s t a i n l e s s  s tee l  s h a f t .  

D e t a i l s  of t h e  bomb design a r e  seen i n  F igu re  20. The exp los ive  w a s  encased 

i n  a Teflon s l e e v e  and contained an e l e c t r i c a l  squ ib  f o r  i g n i t i o n  so  t h a t  t h e  

bomb would d i scha rge  on command dur ing  t h e  t es t .  The m a j o r i t y  of t h e  tes ts  

d id  n o t  use a p u l s i n g  device s i n c e  spontaneous i n s t a b i l i t i e s  were obtained 

during t h e  e a r l y  p a r t  of t h e  t es t  program. L r t e r  i n  t h e  t e s t  program, however, 
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when t e s t i n g  w a s  conducted a t  higher  f r equenc ie s  ( s m a l l e s t  chambers) 

t h e  bombs were necessa ry  i n  o rde r  t o  o b t a i n  s t a b i l i t y  data.  

4 .  Test Apparatus and Procedure 

a. Test Stand Setup 

T e s t i n g  of HIPERTHIN i n j e c t o r s  on t h i s  program 

w a s  conducted i n  ALRC Research Physics  Laboratory,  Bay No. 7. 

of a chamber c o n t a i n i n g  a s i n g l e  3- ine-wide i n j e c t o r  i n s t a l l e d  on t h e  t e s t  

s t a n d  i s  shown i n  F igu re  21. 

t e s t  system and ins t rumen ta t ion  l o c a t i o n s  i n  Bay No. 7 i s  included as F igu re  

22 e 

A photograph 

A flow diagram schemat i ca l ly  showing t h e  

Temperature cond i t ioced  hydrogen w a s  supp l i ed  

t o  t h e  combustion chamber by a coo l ing  tower. The t.ower c o n s i s t e d  of a 

p r e s s u r e  v e s s e l  f i l l e d  wi th  copper r i n g s  w i t h  temperature  probes a t  top,  

bottom, and cen te r .  Nitrogen, a t  t h e  d e s i r e d  temperature  w a s  i n j e c t e d  a t  

t h e  bottom of t h e  coo l ing  towerg coo l ing  t h e  copper r i n g s  as it passed through 

t h e  bed and out  t h e  vent .  When t h e  temperature  probes a t  t h e  t h r e e  s t a t i o n s  

along t h e  tower sensed t h e  d e s i r e d  temperature  t h e  system was ready t o  r e c e i v e  

gaseous hydrogen. Gaseous hydrogen f o r  t e s t i n g  w a s  i n j e c t e d  a t  t h e  top  of 

t h e  tower and passed through t h e  tower, coo l ing  t h e  hydrogen t o  t h e  temperature  

of t h e  cooled copper r i n g s ,  

Oxygen p recond i t ion ing  w a s  done by mixing ambient 

gaseous oxygen wi th  l i q u i d  oxygen u n t i l  t h e  d e s i r e d  temperature f o r  t e s t i n g  

was a t t a i n e d .  Th i s  mixing was done by s e t t i n g  t h e  p r e s s u r e  r e g u l a t o r  

of t h e  ambient gaseous oxygen a t  t h e  upstream p r e s s u r e  of t h e  ma in - l ine  flow 

v e n t u r i  t o  t h e  p r e s s u r e  r e q u i r e d  f o r  test  flow rates,  

b l e d  i n  through a s e p a r a t e  flow system u n t i l  t h e  d e s i r e d  mix tu re  temperature  

Liquid oxygen w a s  then 

Page 27 



Report 20672-P3F 

V. Hardware and Test Facilities (cont.) 

was attained. 

was cooled to constant temperature by flowing oxygen at the desired tempera- 
ture. 

A test was initiated once the run system (lines and fitting) 

be Instrument at ion 

The test parameters required to characterize the 
HIPERTHIN injector were: propellant mass flow rate, injection temperatures, 

injection pressures, static combcstion chamber pressure measurements, and 

dynamic pressure measurements in the combustion zone. 

(1) Pressure Measurements 

Dynamic pressure measurements in the com- 

bustion zone were singularily the most important measurements of the 

test program. To make this measurement, helium bleed Kistler model 615A 

high-frequency pressure transducers were used on the excitation chambers 

at locations shown in Figure 23. Reasons for selection of this particular 

transducer are given in Section V9A,4,b,(l). 

was located approximately 0.25 inch from the combustion. 

frequency characteristic for the Model 615A transducers used on the two largest 

excitation chambers is shown in Figure 24, It was necessary to improve the 

gain versus frequency characteristics of 

smallest chambers. This was done by machining the tip of the transducer body 

to the configuration shown in Figure 25. 

to be located closer to the combustion zoneO thereby increasing its resonant 

frequency and giving a gain versus frequency curve as shown in Figure 24b. 

The transducer's sensor element 

The gain versus 

the transducers for use in the two 

This modification allowed the sensor 

Static pressure transducers were located near 

the injector in the combustion chamber and in the fuel and oxidizer manifolds. 
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(2) Temperature Measurements 

Rapid response,  20-mil, sheathed copper 

cons t an tan  thermocouples w e r e  l o c a t e d  a t  t k e  f u e l  and o x i d i z e r  manifolds ,  

Conventional thermocouples were l o c a t e d  upstream of t h e  flow v e n t u r i s  

i n  bo th  t h e  f u e l  and t h e  o x i d i z e r  systems. 

(3)  Flow Measurements 

Flow v e n t u r i s  were loca ted  i n  t h e  run l i n e  

upstream of t h e  t h r u s t  chamber valve. P r e s s u r e s ,  both upstream and down- 

stream of t h e  v e n t u r i  and t h e  temperature  upstream were recorded f o r  each 

t e s t ,  These d a t a  w e r e  i n p u t  f o r  a program which c a l c u l a t e d  t h e  mass f low 

ra te  by us ing  t h e  v e n t u r i  c a l i b r a t i o n  curve and p r o p e l l a n t  t r a n s p o r t  pro- 

p e r t y  da t a .  

c. T e s t  Procedure 

Both hydrogen and oxygen were used a s  cooled gases  

f o r  t h e  t e s t i n g  on t h i s  program. A d e t a i l e d  d e s c r i p t i o n  of t h e  equipment 

used i n  o b t a i n i n g  t h e  p recond i t ioned  p r o p e l l a n t s  i s  included i n  t h e  desc r ip -  

t i o n  of t h e  t e s t  hardware i n  paragraph V,B,4,ae 

The f i r i n g  sequence w a s  c o n t r o l l e d  by t h e  

temperature  of t h e  p r o p e l l a n t s  i n  t h e  f u e l  and o x i d i z e r  manifolds ,  Following 

i s  a d e s c r i p t i o n  of a t e s t  sequence which occurred a f t e x  f i r e  switch had been 

a c t i v a t e d .  

The hydrogen run l i n e  through t h e  i n j e c t o r  w a s  

c h i l l e d  down us ing  precondi t ioned hydrogen from tl ie coo l ing  tower u n t i l  t h e  

temperature  of t h e  f u e l  manifold reached t h e  p rede te rn ined  temperature  f o r  t es t  

ope ra t ion .  The f u e l  t h r u s t  chamber v a l v e  w a s  t hen  closed.  
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A f t e r  a 0.5 second de lay  t h e  oxygen t h r u s t  chamber 

va lve  and a b l eed  valve were ac tua t ed  t o  a l low t h e  temperature  of t h e  

o x i d i z e r  manifold t o  reach  a predetermined value.  The ox id ize r  t h r u s t  

chamber va lve  w a s  t hen  c losed .  

The record ing  devices  were a c t i v a t e d .  

A f t e r  a 0.5 second de lay  t h e  i n j e c t o r  purges 

(both  f u e l  and o x i d i z e r )  were ac tua t ed  f o r  1 second. 

F i r i n g  w a s  i n i t i a t e d  wi th  a s l i g h t  (0-10 msec) 

f u e l  lead.  The i g n i t e r  w a s  i n i t i a t e d  about 30 msec a f t e r  t h e  f u e l  manifold 

p r e s s u r e  increased .  

Shutdown occurred  a f t e r  1 -00  sec  f i r i n g  ( o r  a t  

h igher  chamber p re s su res ,  0.5 seconds) w i th  t h e  o x i d i z e r  va lve  c l o s i n g  f i r s t .  

C. Gas-Gas Hardware 

1. High P res su re  (300 p s i a )  

a, Hardware 

The hardware used f o r  t h i s  p o r t i o n  of t h e  program w a s  

f a b r i c a t e d  on a prev ious  ALRC IR&D program. 

oxygen/gaseous hydrogen p r o p e l l a n t s  a t  nominal ope ra t ing  cond i t ions  of t h e  

Space S h u t t l e  High P r e s s u r e  AE'S: chamber p re s su re  of 300 p s i a  and mixture  

r a t i o  of 4 .  The o b j e c t i v e  of t h i s  program w a s  t o  t es t  dynamic s t a b i l i t y  of 

an engine ope ra t ing  wi th  gaseous p r o p e l l a n t s  a t  nominal and p e r i p h e r a l  ope ra t ing  

cond i t ions  of t h e  A P S .  

It had been designed f o r  gaseous 

(1) I n j e c t o r  

The i n j e c t o r  w a s  an impinging swir l -cup coax ia l  
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i n j e c t o r .  

i n j e c t e d  normal t o  t h e  a x i a l l y  d i r e c t e d  o x i d i z e r  streams. The f u e l  e n t e r s  

t h e  mixing cup through two t a n g e n t i a l  p o r t s  t hus  s w i r l i n g  t h e  flow i n  t h e  cup 

as shown schemat i ca l ly  i n  F igu re  26. Th i s  i n j e c t o r  concept u s e s  a c o n c e n t r i c  

r i n g  manifold system which i s  a t t a c h e d  t o  a f a c e  p l a t e  assembly which c o n t a i n s  

i n t e r n a l  f u e l  passages.  

through t h e  f a c e  p l a t e .  The f u e l  channel f e e d  i n t o  a l a b y r i n t h  of passages 

i n  t h e  f a c e  p l a t e  which provide r e g e n e r a t i v e  coo l ing  as w e l l  as f u e l  e n t r y  

i n t o  each element. A photograph of t h e  i n j e c t o r  mounted on t h e  t es t  s t a n d  

i s  inc luded  as F i g u r e  27. 

It i s  so  named because t h e  manifolding r e s u l t s  i n  t h e  f u e l  being 

The o x i d i z e r  channels d i scha rge  i n t o  h o l e s  which go 

( 2 )  Chamber 

The chamber w a s  a 4,25 in .  diameter ,  4 i n ,  

long copper chamber wi th  a 2-in. ex t ens ion  r i n g  added a t  t h e  i n j e c t o r  end. 

Of t h e  o r i g i n a l  chamber w a l l  thermocouples, t e n  were s t i l l  i n  o p e r a t i n g  

cond i t ion .  

b. Test Apparatus and Procedure 

(1) T e s t  Stand Setup 

The t e s t i n g  of the,impinging s w i r l  cup c o a x i a l  

i n j e c t o r  w a s  conducted on t h e  t es t  s t a n d  i n  ALRC Research Physics  Laboratory 

Bay 7. A photograph of t h e  engine on t h e  s t a n d  i s  shown i n  F igu re  28. 

diagram schemat i ca l ly  showing t h e  t e s t  system and i n s t r u m e n t a t i o n . i n  Bay 7 i s  

included as F igure  29. 

A flow 

The p re l imina ry  test  p l an  w a s  t o  f i r e  twelve 

t e s t s  a t  bo th  nominal and p e r i p h e r a l  A P S  o p e r a t i n g  cond i t ions .  

cond i t ions  f o r  t h e s e  t es t s  are shown i n  Table  6, The p r o p e l l a n t s  f o r  t h e  

ambient temperature  t e s t s  were d e l i v e r e d  through t h e  system without  t h e  a c t i -  

v a t i o n  of t h e  coo l ing  procedures ,  

The o p e r a t i n g  

I n  t h e  case of c h i l l e d  p r o p e l l a n t s  t h e  
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following steps were implemented. 

supplied to the combustion chamber by a cooling tower. The tower consists 

of a pressure vessel filled with copper rings with temperature probes 

at top, bottom, and center. Nitrogen, at the desired temperature was 

injected at the bottom of the cooling tower, cooling the copper rings 

as it passed through the bed and out the vent. When the temperature probes 

at the three stations along the tower sensed the desired temperature the 

system was ready to receive gaseous hydrogen. Gaseous hydrogen for testing was 

injected at the top of the tower and passed through the tower, cooling the 

hydrogen to the temperature of the cooled copper rings. 

Temperature conditioned hydrogen was 

Oxygen preconditioning was accomplished 

by mixing ambient gaseous oxygen with liquid oxygen and bleeding the mixture 

through the test apparatus until the desired test temperature was attained. 

The test was conducted once the entire apparatus was cooled to a desirable 

test temperature. 

(2 )  Instrumentation 

The test parameters required to characterize 

the injector were: propellant mass flow rate, injection temperatures, injec- 

tion pressures, static combustion chamber pressure measurements, and dynamic 

pressure measurements in the combustion zone. 

Dynamic pressure measurements were made with 

two water cooled Model 307 Photocons in the chamber and one in each of the 

two propellant feed lines. 

270 from vertical and approximately 1 inch downstream of the injector. In 

both tests 2 and 3 the instrument at the 270' position was destroyed 
for no apparent reason* 

decided to continue the test program with a single high frequency instru- 

ment in the chamber and the two in the feed lines. 

0 The two chamber Photocons were located at 0 and 
0 

After losing two instruments in succession it was 
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Static pressure transducers were located 

in the chamber and in each of the propellant manifolds. 

A total of 10 operational rapid response 0.020 

in. sheathed chromel-alumel thermocouples were in three axial rows in the 
chamber walls. It was anticipated that the data from these thermocouples 

would provide some insight into the question of combustion efficiency 

as a function of axial distance. 

Conventional thermocouple were located upstream 

of the flow venturies and in the two propellant manifolds. 

venturis were located in the run line upstream of the thrust chamber valve. 

Pressures, both upstream and downstream of the venturi and the temperature 

upstream were recorded for each test. These data were the input for a 

computer program which calculated the mass flow rate by using the venturi 

calibration curve and propellant transport property data. 

Flow metering 

( 3 )  Test Procedure 

There were slight variations in the test 

procecures resulting from the varying propellant temperature requirements, 

When there was a need to chill the propellants they were preconditioned in 

accordance with the procedures mentioned in paragraph V9C919c9(l)e 

The firing sequence was controlled by propellant 

The following temperature when preconditioned propellants were necessarye 

is a description of the test sequence. The referenced operations regarding 

preconditioned propellants are naturally eliminated from tests where the 

propellants are at ambient temperatures. 
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The hydrogen run line through the 

injector was chilled down using preconditioned hydrogen from the cooling 

tower until the temperature of the fuel manifold reached the predetermined 

temperature for test operation. The fuel thrust chamber valve was then 

closed. 

After minimal delay the oxygen thrust 

chamber valve and a bleed valve were actuated to allow the temperature of 

the oxidizer manifold to reach a predetermined value. 

chamber valve was then closed. 

The oxidizer thrust 

Fire Switch (The sequence began with 

this step when there was no requirement for preconditioned propellants). 

The recording devices were activated. 

After a 1 second delay the two thrust 

chamber valves were actuated simultaneously. The pyrotechnic igniter was 

ignited after a 200 msec delay and a non-directional bomb was ignited after 

another 200 msec. This bomb is the same design as used in the HIPERTHIN 

testing and is discussed in detail in Section V,B,3,c. 

Shutdown occurred approximately 500 msec 

after ignition with the oxidizer valve closing first. 

2, Low Pressure (15 psia) 

a, Hardware 

The hardware used on this portion of the program 

was also fabricated on a previous ALRC IR&D program. It had been designed 

for gaseous oxygen/gaseous hydrogen at nominal operating conditions for the 

Space Shuttle Low Pressure AF'S: chamber pressure 15 psia and mixture ratio 
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2.5. 

coupling with acoustic modes of the combustion chamber. 

The objective of these tests was to obtain data regarding feed system 

(1) Injector 

The injector used for these tests consists 

of a steel coaxial injector body with removable fuel sleeves and oxidizer 

tubes. 

30 and 31) in conjunction with minor feed system changes are: mixture ratio, 

chamber length, chamber diameter, fuel injection velocity, oxidizer injection 

velocity, oxidizer tube end location, fuel circuit resistance and oxidizer sys- 

tem resistance. 

The parameter variations possible with this hardware (shown in Figures 

The hardware was assembled so to closely 

simulate the injector element geometry on the A P S .  

was designed to produce a fuel injection velocity of approximately 1400 ft/sec 
and an oxidizer velocity of 100 ft/sec, 

range of 2.5 - 3.2 and the oxidizer injection tube was recessed approximately 

a distance equivalent to its inner radius. 

Accordingly, the injector 

Also the mixture ratio was in the 

(2 )  Chamber 

As was the case for the injector this hardware 

was design for parameter studies and therefore there are several chambers and 

nozzles available. 

.- The chamber selected for use was the largest 

diameter (1.75 in.) shortest length (4.00 in,) chamber available. This 

choice was made to attempt to preclude conditions favorable to the establish- 

ment of a longitudinal chamber mode which could possibly mask the feed system 

datas 
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(3 )  Anc i l l a ry  Hardware 

The i g n i t i o n  system cons i s t ed  of a su r face  

gap spark  p lug  mounted i n  t h e  chamber w a l l  immediately upstream of t h e  conver- 

gent  nozz le  en t rance .  

P o i n t  Spark Gap system d e l i v e r i n g  50 m i l l i j o u l e s  per  spark.  

It i s  f i r e d  a t  50 H Z  by a GLA Var i ab le  Energy Three 

Since t h e  o b j e c t i v e  of t h i s  t e s t  s e r i e s  was 

t o  o b t a i n  d a t a  regard ing  f eed  system coupl ing wi th  chamber a c o u s t i c  modes, 

t h e r e  w a s  some hardware mod i f i ca t ions  which had t o  be  made. 

f u e l  f eed  l i n e  w a s  equipped wi th  a tee i n t o  which 6-in. s e c t i o n s  of 3 /8  i n .  

tub ing  could be  added t o  c r e a t e  a r e sona to r  of vary ing  dimensions based on 

t h e  concept of t h e  quarter-wave tube.  The maximum l e n g t h  of t h e  r e sona to r  

w a s  54 in .  Th i s  l e n g t h  p l u s  t h e  14 i n .  from t h e  i n j e c t o r  f a c e  t o  t h e  s t a r t  

of t h e  r e s o n a t o r  w a s  equ iva len t  t o  a quarter-wave tube  designed t o  r e sona te  

a t  approximately 200 H Z e  

from t h e  remainder of t h e  f eed  system due t o  t h e  i n c l u s i o n  of flow meter ing  

v e n t u r i  upstream of t h e  en t rance  t o  t h e  r e sona to r .  

The incoming 

Th i s  system w a s  assumed t o  be a c o u s t i c a l l y  i s o l a t e d  

b. T e s t  Apparatus and Procedure 

(1 )  T e s t  Stand Setup 

The t e s t i n g  of t h e  uni-element coax ia l  i n j e c t o r  

w a s  conducted on t h e  tes t  s t and  i n  Research Phys ics  Lab Bay 1. Th i s  bay i s  

equipped wi th  an a l t i t u d e  s imula t ion  f a c i l i t y  capable  of ob ta in ing  a tes t  

p r e s s u r e  of approximately 1.5 p s i a .  A schematic diagram of t h i s  f a c i l i t j  

i s  shown i n  F igure  32. A photograph of t h e  uni-elercent hardware on t h e  

t e s t  s t and  i s  shown i n  F igure  33. The p r o p e l l a n t s  f o r  a l l  t e s t s  i n  t h i s  

s e r i e s  were a t  ambient cond i t ions  thus  t h e r e  w a s  no precondi t ion ing  equipment. 

The feed  system re sona to r  as shown i n  F igu re  33 w a s  a v a r i a b l e  i n  l e n g t h  

from a minimum of ze ro  inches  t o  a maximum of 54 inches  i n  6 i n ,  increments.  
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( 2 )  In s t rumen ta t  i o n  

The e v a l u a t i o n  of t h e  chamber-feed system acous- 

t i c  coupl ing w a s  t h e  primary i n t e r e s t  i n  t h i s  s e r i e s  of tes ts ,  The p r i n c i p a l  

parameters  t o  be measured t h e r e f o r e ,  w e r e  t h e  high frequency p r e s s u r e  os- 

c i l l a t i o n s  i n  both t h e  chamber and t h e  f eed  systems. These dynamic p r e s s u r e  

measurements were made wi th  model 601H Kis t le r  h igh  frequency p r e s s u r e  t r a n s -  

ducers.  There w a s  a K i s t l e r  i n  each of t h r e e  l o c a t i o n s :  t h e  chamber w a l l ,  

t o  r eco rd  chamber h igh  frequency da ta ;  t h e  oxygen f e e d  system d i r e c t l y  adja-  

cen t  t o  t h e  t a p  f o r  P a  measurement, and; t h e  end of t h e  hydrogen f eed  

system re sona to r .  

i n j e c t o r  hydrogen manifold.  

Later i n  t h e  t e s t i n g  a f o u r t h  Kis t le r  w a s  added a t  t h e  

Flow v e n t u r i s  w e r e  l o c a t e d  between t h e  t h r u s t  

chamber v a l v e s  and t h e  chamber. P r e s s u r e s  and temperatures  were recorded 

immediately upstream and downstream of t h e  v e n t u r i  i n  t h e  oxygen l i n e  and 

upstream of t h e  v e n t u r i  and i n  t h e  manifold i n  t h e  hydrogen Line. 

d a t a  a l low f o r  c a l c u l a t i o n  of mass f low r a t e s  of t h e  p r o p e l l a n t s ,  

These 

Add i t iona l ly ,  t h e r e  was a s t eady  s t a t e  p r e s s u r e  

t r ansduce r  l o c a t e d  i n  t h e  chamber w a l l  t o  measure chamber p r e s s u r e e  

(3 )  Test Procedure 

The o b j e c t i v e  of t h i s  test program w a s  t o  

a t tempt  t o  e v a l u a t e  a c o u s t i c  coupl ing of t h e  f eed  system wi th  t h e  chamber. 

This  w a s  t o  b e  accomplished by means of f eed  system geometry changes and 

t h e r e f o r e ,  no changes were made t o  t h e  o r i g i n a l  f low rates as t h e  series 

progressed.  

The sequence of even t s  which t r a n s p i r e d  from 

t h e  s t a r t  of t h e  tes t  t o  t h e  end w i l l  be d i scussed  i n  d e t a i l  here .  The t e s t  

sequence used throughout w a s  as follows: 
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Recording devices  were a c t i v a t e d  

Approximately 900 msec l a t e r  t h e  

spark  p lug  w a s  energized.  

30 msec l a t e r  t h e  o x i d i z e r  va lve  was opened. 

Approximately 40 msec l a t e r  t h e  f u e l  va lve  

opened e 

w a s  switched o f f .  

150 msec l a t e r  t h e  spark  plug energy system 

310 msec l a t e r  t h e  ox va lve  w a s  c losed.  

10 msec l a t e r  t h e  f u e l  va lve  w a s  c lose? .  

500 msec l a t e r  t h e  records  were switched o f f  

A f t e r  completion of a success fu l  t e s t  t h e  

l eng th  of t h e  r e sona to r  b u i l t  i n t o  t h e  f u e l  system w a s  e i t h e r  lengthened o r  

shor tened  by a s i x  inch  s e c t i o n  and t h e  above sequence was  repeated.  

VI TEST RESULTS 

A. Coaxial  I n j e c t o r  Tes t ing  

1, T e s t  Resu l t s  

Twelve t e s t s  were planned f o r  eva lua t ion  of t h e  coax ia l  

i n j e c t o r ,  

r e s u l t  of vary ing  hydrogen temperature  between 200 and 600 p s i a  were planned. 

V a r i a t i o n s  i n  v e l o c i t y  r a t i o  between 3 and 10 were planned as a 

Twelve a d d i t i o n a l  t es t s  were conducted t o  o b t a i n  a d d i t i o n a l  
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d a t a  a t  some of t h e  o r i g i n a l  o p e r a t i n g  cond i t ions  as w e l l  as d a t a  a t  o t h e r  

chamber p r e s s u r e s J  

series. 

f o r  e v a l u a t i o n s  a t  t h e  lowest fundamental mode frequency. The second series 

used two i n j e c t o r s  and a corresponding wedge f o r  t e s > t i n g  a t  t h e  h ighes t  

p o s s i b l e  fundamental mode frequency. The t h i r d  and f o u r t h  series used t h r e e  

and f o u r  i n j e c t o r s  r e s p e c t i v e l y  wi th  corresponding wedges f o r  t e s t i r , g  

a t  i n t e rmed ia t e  fundamental mode frequencies .  A t e s t - b y - t e s t  t a b u l a t i o n  

of s t eady  s t a t e  o p e r a t i o n  cond i t ions  f o r  each t e s t  i s  shown i n  Table 1, 

The fo l lowing  i s  a d e s c r i p t i o n  of t h e  tes ts  by tes t  

The f i r s t  series used a chamber c o n f i g u r a t i o n  w i t h  f i v e  i n j e c t o r s  

The f i r s t  fou r  tes ts  used t h e  chamber wi th  f i v e  i n j e c t o r s  

and no wedge. The f i r s t  tes t  w a s  i g n i t e d  by t h e  pu l se ;  consequently,  no 

decay ra te  d a t a  were recorded. 

and decay ra tes  were recorded f o r  each tes t .  The low mixture  r a t i o  on t h e  

t h i r d  t e s t  w a s  due t o  a malfunct ioning o x i d i z e r  flowmeter. 

The remaining t h r e e  t es t s  were s a t i s f a c t o r y  

The next  series of tes ts  was  conducted us ing  t h e  same 

chamber as i n  t h e  f i r s t  t es t  series except t h a t  t h e  widest  a v a i l a b l e  wedge 

was f i t t e d  i n t o  t h e  e x c i t a t i o n  chamber, exposing on ly  two i n j e c t o r s .  Th i s  

chamber c o n f i g u r a t i o n  produced a frequency of 6500 Hz i n  t h e  fundamental mode. 

F i v e  t e s t s  w o r e  conducted during t h i s  t e s t  series, D i f f i c u l t i e s  were encountered 

i n  o b t a i n i n g  t h e  d e s i r e d  f u e l  temperature  a t  t h e  i n j e c t o r s ,  

l a r g e l y  t h e  r e s u l t  of o p e r a t i o n  a t  t h e  low flow rates r equ i r ed  f o r  only two 

i n j e c t o r s .  Th i s ,  coupled with higher  h e a t  f l u x  t o  t h e  p r o p e l l a n t  t han  a n t i -  

c i p a t e d ,  produced lower f u e l  f low rates t h a n  p r e d i c t e d  and t h e r e f o r e  high 

mix tu re  r a t i o s .  Pu l se  decays were recorded on a l l  t e s t s  except T e s t  6 where 

t h e  p u l s e  w a s  of e x t r a o r d i n a r i l y  low amplitude. 

The problem w a s  

The next  series used t h r e e  i n j e c t o r s  i n  t h e  second 

e x c i t a t i o n  chamber, which had been f i t t e d  wi th  t h e  corresponding wedge, 

frequency of t h e  fundamental mode f o r  t h i s  chamber w a s  4200 Hz, 

t e s t  ( T e s t  10) was abor t ed  because of a s o l i d  n i t r o g e n  o b s t r u c t i o n  i n  t h e  

run l i n e ,  causing nea r  blockage of f u e l  flow. The run l i n e  w a s  i n spec ted ,  

t h e  f u e l  i n - l i n e  f i l t e r  was  cleaned, and t e s t i n g  w a s  continued, Seven tes ts  

The 

The f i r s t  
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were then  conducted us ing  t h i s  hardware conf igu ra t ion .  

mix ture  r a t i o  w a s  experienced dur ing  Tes t  11 and an unusual ly  low one during 

Tes t  17. 

( T e s t  10). 

Tes t  13 

An unusual ly  high 

Decay ra tes  were recorded on a l l  t e s t s  except t h e  abor ted  t e s t  

The decay r a t e s  were h igh  f o r  a l l  t e s t s  of t h i s  s e r i e s  except 

The f i n a l  t e s t  s e r i e s  included T e s t s  18 through 24. 

Th i s  s e r i e s  w a s  conducted on t h e  chamber f i t t e d  wi th  a t h i n  wedge covering 

only one i n j e c t o r  and producing a fundamental mc.de of 3400 Hz. Seven t e s t s  

were conducted dur ing  t h i s  s e r i e s .  Decay r a t e s  were obta ined  f o r  a l l  t e s t s .  

The s t e a d y - s t a t e  ope ra t ing  condi t ions  dur ing  t h e s e  t es t s  w e r e  a l l  sa t i s -  

f ac to ry .  

A t  t h e  conclus ion  of t e s t i n g ,  t h e  t e s t  hardware w a s  d i s -  

assembled and observed f o r  compa t ib i l i t y  r e s u l t s .  The copper i n j e c t o r  f aces  

withstood t h e  t e s t  s e r i e s  and showed only s l i g h t  d i s c o l o r a t i o n  and wear. 

The zirconium oxide coa t ing  on both e x c i t a t i o n  chambers was i n t a c t ,  showing 

s l i g h t  e r o s i o n  around t h e  i g n i t e r  p o r t  and t b p u l s e  gun por t .  On t h e  f l o o r  

and l i d  of t h e  e x c i t a t i o n  chamber, thermal d i s c o l o r a t i o n  was v i s i b l e ;  however, 

t h e  coa t ing  was i n t a c t .  F igu re  34 shows an e x c i t a t i o n  chamber a f t e x  t e s t i n g .  

Viewing t h e  s i d e  of t h e  chamber, t h e  p o r t  n e a r e s t  t h e  i n j e c t o r  was f o r  t h e  

p u l s e  gun d ischarge ;  t h e  downstream p o r t  w a s  f o r  t h e  i g n i t e r  d i scharge ;  t h e  

b lack  r e s i d u e  downstream of t h e  i g n i t e r  p o r t  w a s  m a t e r i a l  discharged by 

t h e  s o l i d  p r o p e l l a n t  of t h e  i g n i t e r .  

2.  S t a b i l i t y  Data and C o r r e l a t i o n s  

A l l  tes ts  of t h e  24 - t e s t  s e r i e s  w e r e  dynamically s t a b l e .  

A s  a r e s u l t  it was necessary  t o  cause a p r e s s u r e  d i s tu rbance  wi th  t h e  p u l s e  

gun and measure t h e  r a t e  of decay of t h e  r e s u l t i n g  fundamental t r a n s v e r s e  

mode. This  d a t a  w a s  then  used t o  determine t h e  response of t h e  i n j e c t o r  

t o  combustion and t o  o b t a i n  frequency s e n s i t i v i t y  information.  

t h e  method f o r  determining t h e  response of t h e  i n j e c t o r  t o  combustion and 

f o r  ob ta in ing  frequency s e n s i t i v i t y  informat ion  w a s  t o  measure t h e  decay r a t e  

A s  a r e s u l t ,  
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of t h e  fundamental mode f o r  t h e  chamber caused by t h e  p u l s e  discharge.  

frequency f o r  t h e  fundamental mode a t  t h e  o p e r a t i n g  cond i t ions  f o r  a given 

tes t  w a s  ob ta ined  by us ing  a s p e c t r a l  p l o t  of peak t o  peak p r e s s u r e  ve r sus  

frequency a t  t h e  t i m e  of t h e  pulse .  

i n  F i g u r e  35. 

The 

An example of one such p l o t  i s  shown 

A primary purpose of t h i s  phase of t h e  program was t o  

v e r i f y  o r  c o r r e c t  t h e  c o r r e l a t i o n  equat ion based on s e n s i t i v e  t i m e  l a g  

and r e p o r t e d  i n  t h e  Phase I f i n a l  r e p o r t  f o r  t h i s  program (Ref. 1). 

S e n s i t i v e  frequency (fs) va lues  were c a l c u l a t e d  f o r  each t e s t  u s i n g  t h e  

fol lowing equation: 

0.15 113 
1 

F (VR s i n  6) f = 4550 
S 

where; 

chamber Mach number a t  t h e  i n j e c t o r  f a c e  - - 
MC 

Pc /PcrTt r a t i o  of chamber p r e s s u r e  t o  t h e  c r i t i c a l  p r e s s u r e  
of oxygen. This  r a t i o  i s  1.0 when P c 2  P 

diameter of t h e  o x i d i z e r  o r i f i c e g  
c r i t .  

- - 
dox 

F (VR = shown i n  F igu re  36. 
s i n  6) 
VR = r a t i o  of t h e  i n j e c t e d  f u e l  v e l o c i t y  t o  t h e  

i n j e c t e d  o x i d i z e r  v e l o c i t y  

8 - - i nc luded  ang le  between f u e l  and o x i d i z e r  streams 

A comparison of t h e  t es t  d a t a  wi th  p r e d i c t e d  r e s u l t s  w a s  made by p l o t t i n g  

t h e  decay ra te  d a t a  v e r s u s  t h e  r a t i o  of t h e  sensed frequency d iv ided  by t h e  

p r e d i c t e d  s e n s i t i v e  frequency f o r  a tes t  series on a s i n g l e  chamber setup.  

F i r s t ,  t o  e l i m i n a t e  t h e  e f f e c t  of p o s s i b l e  damping from t h e  wedge o r  asso-  

c i a t e d  cavities behind t h e  wedge, t h e  d a t a  from t h e  tes ts  wi th  no wedge and 

only t h e  smallest wedge were compared, 

The d a t a  i s  given i n  t a b u l a r  form i n  Table  2 *  

These d a t a  a r e  shown i n  F igu re  37* 
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By combining t h e  d a t a  from t h e  4 - i n s e r t  tes ts  w i t h  t h e  

5 - i n s e r t  tes ts ,  a maximum s e n s i t i v i t y  i s  observed a t  va lues  of f / f s  = 1.0. 

I f  on ly  t h e  4 - i n s e r t  d a t a  are considered,  t h e r e  i s  s u f f i c i e n t  spread  of t h e  

d a t a  a t  va lues  of f / f s  < 
however, on ly  one p o i n t  occurs  a t  va lues  of f / f s >  1.0. The l o c a t i o n  

of t h e  minimum va lue  of f / f s  cannot t h e r e f o r e  b e  determined accu ra t e ly .  

The p o s s i b l e  f i t  i n d i c a t e s  a minima should l i e  between f / f s  of l , O  t o  1.3. 

The curve i n  F igu re  3 7  was drawn t o  r e f l e c t  a minima a t  1.0. Adding t h e  5- 

i n s e r t  t es t  d a t a  does no t  compromise t h e  c o r r e l a t i o n  s i n c e  t h e r e  i s  less  

system damping than  i n  t h e  4 - i n s e r t  case.  

1.0 t o  o b t a i n  t h e  r i g h t  hand s i d e  of t h e  curve;  

F igu re  38 shows a l l  t h e  decay r a t e  d a t a  and p o s s i b l e  

c o r r e l a t i o n s  f o r  a l l  chamber conf igu ra t ions  t e s t e d .  It should be  noted,  

however, t h a t  t h e  d a t a  f o r  t h e  3 - i n s e r t  t es t s  show a s l i g h t l y  ques t ionab le  

s lopeo  

ponse speed of t h e  d a t a  r educ t ion  equipment. The a c t u a l  decay rates may 

i n  f a c t  be  h i g h e r  t han  t h e  8000 db/sec  shown. Consequently,  t h e  p o i n t s  a t  

decay ra tes  of 6000 db/sec  are  cons idered  v a l i d  p o i n t s ,  whereas t h e  p o i n t s  

a t  7000 and 8000 db/sec  are cons ide rab le  as upper l i m i t  cases. 

Most of t h e  p o i n t s  a t  decay r a t e s  of 8000 db / sec  were a t  t h e  res- 

These d a t a  show good agreement between t h e  p r e d i c t e d  

s e n s i t i v e  frequency us ing  e x i s t i n g  c o r r e l a t i o n  equa t ions  and t h e  t e s t  d a t a  

obta ined  on t h i s  phase of t h e  program. Of s i g n i f i c z n c e  i s  F igure  37 i n  t h a t  

t h e  minima. decay rates occurred  a t  a f / f s  of 1.0 and t h e  r e s u l t  w a s  r e p e a t a b l e  

wi th  two tests run a t  n e a r l y  t h e  same cond i t ion ,  even though t h e  d a t a  i s  evi- 

d e n t l y  somewhat mix tu re  r a t i o  dependent. 

r e p o r t  show h i g h  damping f o r  a l l  tes ts .  

The t e s t  d a t a  presented  i n  t h i s  

To t h i s  p o i n t  on ly  t h e  a c o u s t i c  c h a r a c t e r i s t i c s  of t h e  

e x c i t a t i o n  chamber have been considered.  The fo l lowing  obse rva t ions  d i s c u s s  

t h e  e f f e c t  of combustion d i s t r i b u t e d  a x i a l l y  a long  t h e  chamber on t h e  coupl ing  

of an i n s t a b i l i t y  mode w i t h  t h e  a c o u s t i c s  of  t h e  system. 
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Upon completion of t h e  24 - t e s t  s e r i e s ,  t h e  tes t  

hardware w a s  disassembled and examined. 

t e s t i n g  i s  shown i n  F igu re  39. 

n e a r e s t  t h e  i n j e c t o r s  appeared t o  have r ece ived  a minimal thermal damage. 

The marked p o r t i o n  of t h e  chamber shown i n  F igu re  39 i s  t h e  l o c a t i o n  where 

thermal d i s c o l o r a t i o n  and e ros ion  appears  t o  have f i r s t  occurred. This  

l o c a t i o n  i s  approximately 7 inches from t h e  i n j e c t o r s ,  which i s  about 25% 

of t h e  d i s t a n c e  from t h e  i n j e c t o r  t o  t h e  t h r o a t -  F igu re  9a shows t h a t  t h e  

a c o u s t i c  p r e s s u r e  of t h e  fundamental mode has dropped t o  a va lue  of about 65% 

of 'max 
accounts f o r  a c o n s i d e r a b l e  l o s s  of p o t e n t i a l  f o r  coupl ing between combustion 

and t h e  fundamental mode, whereas t h e  l o s s e s  are even g r e a t e r  f o r  t h e  

combined fundamental and f i r s t  r a d i a l  mode. The combustion l e n g t h  of 7 inches 

f o r  t h e  c o a x i a l  i n j e c t o r  may be c o n t r a s t e d  wi th  t h a t  of t h e  t r i p l e t  which w a s  

spontaneously uns t ab le .  

occu r r ing  one inch  from t h e  i n j e c t o r  f a c e  wi th  t h e  t r i p l e t ,  

of t h e  e x c i t a t i o n  chamber a f t e r  tests wi th  t h e  t r i p l e t  i s  seen i n  F igu re  40, 

These d a t a  are r e p o r t e d  i n  Reference 2. 

A photograph of t h e  hardware a f t e r  

The p o r t i o n  of t h e  zirconium oxide c o a t i n g  

a t  a p o i n t  25% of t h e  d i s t a n c e  from t h e  i n j e c t o r  t o  t h e  t h r o a t .  Th i s  

The d i s c o l o r a t i o n  p a t t e r n  i n d i c a t e s  combustion w a s  

A photograph 

The degree t o  which t h e  extended combustion l e n g t h  of 

t h e  coax ia l  i n j e c t o r  a l t e r s  the  a b i l i t y  of t h e  i n j e c t o r  t o  s u s t a i n  an a c o u s t i c  

i n s t a b i l i t y  i n  t h e  e x c i t a t i o n  chamber can be expressed by t h e  term: 

where z 
- - combustion response wi th  combustion concen t r a t ed  a t  

t h e  i n j e c t o r  f a c e  

e f f e c t i v e  combustion response wi th  combustion l o c a t e d  
a s i g n i f i c a n t  d i s t a n c e  from t h e  i n j e c t o r  f a c e  

p r e s s u r e  d i s t r i b u t i o n  c o e f f i c i e n t  

NU 

Nnu 
- - 

- - A 
vrl 
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A p l o t  of A 

The mode shapes shown on t h i s  f i g u r e  a r e  re ferenced  t o  a c y l i n d r i c a l  com- 

bus t ion  chamber. When us ing  t h i s  p l o t  f o r  an e x c i t a t i o n  chamber i t  mus t  

be remembered t h a t  t h e  fundamental mode of t h e  e x c i t a t i o n  chamber compares 

t o  a s e c t o r  of a h igher  mode of a c y l i n d r i c a l  chamber and i s  a func t ion  of 

( p a r t i a l l y  taken from Reference 2 )  i s  shown i n  F igure  41. 
Vrl 

t h e  e x c i t a t i o n  chamber angle .  For  example, t h e  fundamental mode of an exc i -  

t a t i o n  chamber wi th  a chamber angle  of 36 compares wi th  a s e c t o r  of a 

f i f t h  t a n g e n t i a l  mode i n  a c y l i n d r i c a l  chamber as shown i n  F igure  42. 

va lue  f o r  AYrl 
combustion a t  t h a t  l o c a t i o n  a t  t h e  i n j e c t o r  f a c e  wi th  no a x i a l  combustion 

d i s t r i b u t i o n  down t h e  chamber. The d i s t a n c e  from t h e  apex of t h e  angle  f o r  

t h e  t r a n s v e r s e  e x c i t a t i o n  chamber t o  t h e  i n j e c t o r s  i s  approximately 29 

inches.  I f  combustion occurred a t  7 inches  from t h e  i n j e c t o r s  as i n d i c a t e d  

by Figure  3 9 ,  t h e  va lue  f o r  ri would be about 0.76. 

0 

The 

a t  ri = 1.0 coresponds t o  t h e  va lue  assuming concent ra ted  

A t  t h i s  va lue  f o r  rip 

f o r  t h e  f i f t h  t a n g e n t i a l  mode would be 1.1 whereas t h e  va lue  of A 
AVrl  V r l  
i s  about 2.55 a t  ri = 1.0 o r  

= .43 1.1 ( r i  = 0.76) 

(ri = 1.0)  2.55 
- AVrl - 

This  r e s u l t  means t h a t  only 43% of t h e  maximum p o s s i b l e  

o s c i l l a t o r y  combustion energy inpu t  f o r  t h i s  mode w i l l  occur. The maximum 

energy inpu t  would occur  i f  combustion took p l ace  a t  t h e  f ace  (ri = 1.0). 

This  obse rva t ion  sugges ts  t k a t  t h e  i n a b i l i t y  t o  o b t a i n  spontaneous i n s t a b i l i t i e s  

wi th  t h e  coax ia l  i n j e c t o r s  i n  t h e  t r a n s v e r s e  e x c i t a t i o n  chamber w a s  a r e s u l t  

of extended combustion zone of t h e  coax ia l  i n j e c t o r .  

B. HIPERTHIN I n j e c t o r  Tes t ing  

1. Tes t  Resu l t s  

Twelve tes ts  were planned t o  e v a l u a t e  HIPERTHIN 

i n j e c t o r s .  Var i a t ions  i n  chamber p re s su re  and f u e l  temperature  were primary 
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t h e  t e s t  v a r i a b l e s ,  

t e s t  a t  d i f f e r e n t  fundamental mode f r equenc ie s ,  

t h e s e  tes ts  i s  included as Table 3. 

Four d i f f e r e n t  chamber c o n f i g u r a t i o n s  w e r e  used t o  

The tes t  p l a n  showing 

A l l  t h e  t e s t  cond i t ions  shown i n  Table 3 were m e t .  An 

a d d i t i o n a l  16 t es t s  were conducted making a t e s t  s e r i e s  of 28 t e s t s ,  

pea t ed  t e s t  p o i n t s  a t  c e r t a i n  ope ra t ing  cond i t ions  and tes ts  a t  a d d i t i o n a l  

chamber p r e s s u r e  l e v e l s  were obtained w i t h  t h e  a d d i t i o n a l 1 6  t e s t s ,  Steady 

s ta te  tes t  d a t a  are shown i n  Table  4, 

Re-  

The f i r s t  t es t  s e r i e s  c o n s i s t e d  of t h r e e  tests.  The 

chamber con ta in ing  two i n j e c t o r s  and a 4-inch f a c e  w a s  used f o r  t h e s e  

tests.  The f i r s t  t e s t  served as a checkout of t h e  system, and due t o  

misranging of t h e  in s t rumen ta t ion  f o r  t h e  o x i d i z e r  system an unusual ly  high 

o x i d i z e r  flow r a t e  w a s  ob ta ined  r e s u l t i n g  i n  a h igh  mixture  r a t i o .  D i f f i -  

c u l t y  i n  s e p a r a t i n g  t h e  high frequency s i g n a l  from t h e  t e s t  with o t h e r  n o i s e  

i.n t h e  e l e c t r i c a l  system precluded usab le  high frequency d a t a  on t h i s  tes t ,  

With both t h e  h igh  frequency d a t a  a c q u i s i t i o n  and o x i d i z e r  tank in s t rumen ta t ion  

c o r r e c t e d ,  tes ts  2 and 3 were conducted. These two tes ts  were planned t o  

o p e r a t e  a t  a chamber p r e s s u r e  of 100 p s i a  and a mix tu re  r a t i o  of 5 , O .  The 

f u e l  temperature  w a s  planned t o  be 520°R f o r  test  2 and 375'R f o r  t es t  3 

and o x i d i z e r  temperature  375 R f o r  a l l  t es t s .  

out i n  t h e  fundamental mode; however, t es t  3 went u n s t a b l e  i n i t i a l l y  i n  a 

h igh  o r d e r  mode a t  about 14,000 hz, decayed i n t o  a pu re  fundamental mode, and 

then grew i n t o  a complex mode. 

record f o r  t h i s  t es t  i s  shown i n  F igu re  43, The amplitude of t h e s e  i n s t a b i -  

l i t i e s  w a s  from 15 t o  20 p s i  peak-to-peak. 

0 Both tes t s  w e r e  u n s t a b l e  through- 

A reproduct ion of t h e  u n f i l t e r e d  high frequency 

The next  t es t  series w a s  conducted on t h e  chamber which 

contained one 3-inch i n j e c t o r .  The fundamental mode frequency f o r  t h i s  

c o n f i g u r a t i o n  w a s  approximately 13,000 hz. The f i r s t  two t e s t s  of t h i s  s e r i e s  

was planned t o  o p e r a t e  a t  a chamber p r e s s u r e  of 100 p s i a  and mixture  r a t i o  5 9 0 e  

The d e s i r e d  hydrogen temperature  w a s  375 R f o r  t h e  f i r s t  t e s t  and 520 R f o r  

t h e  second tes t .  Tests 6 and 7 were planned t o  o p e r a t e  a t  700 p s i a  and a 

mix tu re  r a t i o  of 5,O w i t h  t h e  sane v a r i a t i o n  i n  hydrogen temperature  as tes ts  

0 0 

Page 45 



Report 20672-P3F 

V I  Tes t  Resu l t s  (cont . )  

4 and 5. 

FS-2) when an u n s t a b i l i t y  occurred i n  t h e  fundamental mode, 

uns t ab le  from t h e  s t a r t ;  t h e  t e s t  w a s  i n i t i a l l y  uns t ab le  i n  t h e  fundamental 

mode which decayed and went i n t o  a h igher  o rde r  mode f o r  t h e  remainder of 

t h e  test. The amplitude of t h e  i n s t a b i l i t i e s  f o r  t h e s e  t e s t s  w a s  about 20 

p s i  peak t o  peak, The two h igh  chamber p r e s s u r e  t e s t s  of t h i s  s e r i e s  were 

dynamically s t a b l e  throughout.  

ampli tudes w e r e  observed. 

Test 4 was s t a b l e  u n t i l  810 msec a f t e r  i g n i t i o n  (200 msec before  

T e s t  5 w a s  

No organized i n s t a b i l i t i e s  of s i g n i f i c a n t  

The next  t e s t  s e r i e s  (Tes t s  I! - 12)  was conducted wi th  

t h e  same chamber conf igu ra t ion  as T e s t s  1 - 3. The planned ope ra t ing  

chamber p r e s s u r e  f o r  t h e s e  t e s t s  w e r e :  T e s t s  8 - 10, 700 p s i a ;  Test  11, 

300 p s i a ;  and 100 p s i a  on T e s t  1 2 .  All tests were t o  have a 5.0 mixture  

r a t i o  and f u e l  temperature  a t  both 375'R and 520"R as i n  p r i o r  test  series. 

All tests of t h i s  series were s t a b l e  wi th  t h e  except ion  of T e s t  1 2  which 

experienced an  i n s t a b i l i t y  nea r  t h e  end of t h e  test  i n  t h e  fundamental 

mode wi th  an ampli tude of 8 p s i  peak-to-peak. 

The s t a b i l i t y  d a t a  obta ined  from t h e  next t e s t  series 

w a s  t h e  most s i g n i f i c a n t  d a t a  of t h e  t e s t  program s i n c e  i n s t a b i l i t i e s  occurred 

both  above and below t h e  peak response of t h e  system. This  s e r i e s  w a s  con- 

ducted wi th  t h e  chamber con ta in ing  four  i n j e c t o r s  and a t o t a l  i n j e c t o r  f a c e  

width of 8 inches  and a fundamental mode frequency near  5500 Hz. The t e s t s  

of t h i s  s e r i e s  were planned t o  ope ra t e  a t  a mixture  r a t i o  of 5.0 and chamber 

p re s su res  of 700 p s i a ,  300 p s i a ,  and 100 ps i a .  S ix  tes ts  were conducted 

i n  t h i s  s e r i e s ;  a d i scuss ion  of t h e  s t a b i l i t y  r e s u l t s  fol lows.  Tes t  13 was 

i n v a l i d  due t o  a f a i l u r e  of t h e  f u e l  manifold of one i n j e c t o r  r e s u l t i n g  i n  a 

l o s s  of f u e l  f low t h e r e f o r e  causing a seve re  mixture  r a t i o  m a l d i s t r i b u t i o n .  

The p o s t - t e s t  hardware examination r evea led  no chamber damage; however, t h e  

i n j e c t o r  con ta in ing  t h e  leaky  manifold w a s  damaged beyond r e p a i r .  A photograph 

of t h i s  i n j e c t o r  i s  shown i n  F igure  44,  The ad jacent  i n j e c t o r s  were only  

s l i g h t l y  damaged and useable  f o r  t h e  remainder of t h e  t e s t  series. The 

remaining f i v e  t e s t s  of t h i s  series were s a t i s f a c t o r y  and no f u r t h e r  hardware 
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damage w a s  experiencede Test 14  was i n i t i a l l y  s t a b l e  and became uns t ab le  

500 msec a f t e r  i g n i t i o n .  

Hz w i t h  an amplitude of 350 p s i  peak-to-peak. 

90 msec a f t e r  i g n i t i o n .  

10,200 Hz w i t h  an amplitude of about 250 p s i  peak-to-peak. 

of t h e  fundamental mode occurred dur ing  t h e  s teady  s t a t e  p o r t i o n  of t h e  tes t  

u n t i l ,  about 330 msec a f t e r  i g n i t i o n ,  it had a t t a i n e d  an amplitude of 40 p s i  

peak-to-peak. T e s t  16 w a s  s t a b l e  throughout w i th  t h e  except ion of small  in -  

s t a b i l i t y  n e a r  t h e  end of t h e  t e s t  a t  a frequency of 10,000 Hz and an 

amplitude of 2 - 3 p s i .  T e s t  17 w a s  s i m i l a r  t o  t e s t  16; i t  w a s  s t a b l e  f o r  t h e  

m a j o r i t y  of t h e  t e s t  b u t ,  near  t h e  end of t h e  t e s t  an uns t ab le  o s c i l l a t i o n  

grew t o  about 45 p s i  -eak-to-peak a t  10,200 Hz. T e s t  18 w a s  s t a b l e  except 

once aga in ,  an i n s t a b i l i t y  occurred nea r  t h e  end of t h e  tes t  a t  a frequency 

of 11,400 Hz wi th  an amplitude of about 13 p s i  peak-to-peak. 

The frequency of t h i s  i n s t a b i l i t y  w a s  about 10,200 

Tes t  15 was uns t ab le  from about 

The frequency of t h e  i n s t a b i l i t y  w a s  aga in  a t  about 

A very  slow growth 

The next  t e s t  series (Tes t s  19 - 26) us ing  a s i n g l e  i n j e c t o r  

wi th  a 2-inch i n j e c t o r  f a c e  and a fundamental mode frequency of 16,000 Hz, 

These tes ts  were planned t o  ope ra t e  a t  a mixture  r a t i o  of 5.0 and chamber 

p re s su res  of 100 p s i a ,  500 p s i a ,  and 700 ps i a .  T e s t  19 w a s  u n s a t i s f a c t o r y  

due t o  low chamber p re s su re  and consequent ly  very  low performance. The CJC 

was not  s u f f i c i e n t l y l o w  t o  conclude t h a t  combustion had not  occurred. How- 

ever ,  when compared wi th  o t h e r  tests us ing  t h e  same t e s t  hardware, t h e  low 

performance does nega te  comparison of t h i s  d a t a  w i t h  o t h e r  t e s t s  i n  t h e  s e r i e s .  

Tes t  20 w a s  a r epea t  of Test 19. The tes t  w a s  s t a b l e  wi th  only a very  low 

amplitude o s c i l l a t i o n  (about  2 p s i ) .  Tests 21 and 22 were s t a b l e  throughout 

w i th  no i n d i c a t i o n  of any organized i n s t a b i l i t y .  T e s t  23 experienced an in-  

s t a b i l i t y  a t  t h e  end of t h e  t e s t  which reached an amplitude of 8 p s i  peak-to- 

peak. Bombs were used on t e s t s  24, 25, and 26 t o  observe t h e  decay charac- 

t e r i s t ics  of t h e  fundamental mode. 

200 p s i )  produced by t h e  bombs decayed r a p i d l y  a t  8000 dbfsec.  

d i scharged  dur ing  t e s t  25 d id  not  produce a s i g n i f i c a n t  p r e s s u r e  r ise  (only  

5 - 6 p s i ) ,  A t  t h e  end of t h e  t es t ,  however, an i n s t a b i l i t y  reaching 10 p s i  

peak-to-peak w a s  recorded.  The p u l s e  on tes t  26 showed a p res su re  per turba-  

t i o n  of 30 p s i  and t h e  decay r a t e  was againvery h igh  a t  8000 dbfsec .  

T e s t  24 w a s  s t a b l e  and t h e  p u l s e  (about  

The bomb 
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The f i n a l  two t e s t s  27 and 28, were conducted on t h e  

chamber us ing  one i n j e c t o r  w i t h  a 3-inch i n j e c t o r  face .  

a nominal ope ra t ing  chamber p re s su re  of 100 p s i a  and a mixture  r a t i o  of 5.5. 

A bomb w a s  d i scharged  320 msec a f t e r  i g n i t i o n  producing a p res su re  p e r t u r b a t i o n  

of 15 p s i .  Th i s  p u l s e  exh ib i t ed  a very  h igh  decay r a t e  i n  t h e  fundamental 

mode a t  about 8000 db/sec.  

of 660 p s i a  and a mixture  r a t i o  of 4 , 7 ;  a p u l s e  f i r e d  303 msec a f t e r  i g n i t i o n  

produced a p r e s s u r e  p e r t u r b a t i o n  of 12 p s i  which had a high decay ra te  i n  

t h e  fundamental mode of 8000 db/sec  but  a lower decay (5000 db/sec)  a t  a 

h igher  mode of about 20,000 Hz. 

The f i r s t  t es t  had 

Tes t  28 had a nominal ope ra t ing  chamber p re s su re  

2. S t a b i l i t y  Data and C o r r e l a t i o n s  

The h igh  frequency s t a b i l i t y  d a t a  from t e s t s  descr ibed  

i n  t h e  prev ious  paragraphs were analyzed t o  determine t h e  e f f e c t s  of chamber 

p re s su re  and hydrogen temperature  on t h e  s t a b i l i t y  of t h e  system. The u n f i l -  

t e r e d  h igh  frequency records  from d a t a  from t h e  helium bleed  K i s t l e r  p r e s su re  

t r ansduce r s  w a s  f i r s t  analyzed t o  determine the  f requencies  p re sen t  dur ing  

t h e  t e s t s .  From t h i s  a n a l y s i s  l og  decrement p l o t s  were produced us ing  a 

combination of f i l t e r s  t o  o b t a i n  growth and decay r a t e s  of t h e  i n s t a b i l i t i e s  

a t  s e l e c t e d  f requencies .  These records  were then  read  and compared wi th  t h e  

steEdy state d a t a  t o  determine t h e  ope ra t ing  cond i t ions  a t  t h e  i n s t a n t  t h e  

i n s t a b i l i t i e s  occurred. The combustion s t a b i l i t y  d a t a  obta ined  from t h e  

a n a l y s i s  of t h e  t e s t  d a t a  a r e  s h o w  i n  Table  5. 

The s e l e c t i o n  of d a t a  t o  be used i n  t h e  s t a b i l i t y  charac- 

t e r i z a t i o n  of t h e  HIPERTHIN i n j e c t o r s  w a s  based on t h e  a b i l i t y  t o  determine 

t h e  ope ra t ing  cond i t ions  a t  t h e  t i m e  an i n s t a b i l i t y  occurred  and t h e  magnitude 

of t h e  i n s t a b i l i t y  once i t  had reached i t s  l i m i t i n g  amplitude.  A s  an example, 

a growth r a t e  t h a t  occurred dur ing  t h e  s t e a d y - s t a t e  p o r t i o n  of a t es t  and 

contained an amplitude g r e a t e r  t han  10 pe rcen t  of nominal chamber p re s su re  

w a s  considered v a l i d  d a t a  whereas a t e s t  w i th  an o s c i l l a t i o n  wi th  a l i m i t i n g  

amplitude of 1 t o  2 pe rcen t  of nominal P c  w a s  cons idered  a s t a b l e  t es t .  
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The test data was then correlated by selecting the growth 

rates of a variety of frequencies a relatively constant chamber pressure 

and mixture ratio, The most complete set of data for such a correlation is 

seen in Figure 45 where growth rates at chamber pressures between 300 and 700 

psi are plotted versus frequency. 

such as that in Figure 45 was not reached, but appeared as though it might 

occur at frequencies lower than those tested in this test series. There then 

appears to be a chamber pressure relationship present which would account 

for this shift in peak frequency responsee 

At lower chamber pressures a peak frequency 

In reviewing the correlation equations for injectors 

using oxygen and hydrogen propellantso sensitive frequency is described in 

general as: 

where: 
Mach number in the chamber 

dimension of the orifice for the injection 
of the least volatile propellant 

- - 
*C 

- - d 

f(VR) = a velocity ratio term or function of velocity 
ratio. In some correlations (Ref, 4 )  this term 
appears f (T ) 

chamber pressure 
HZ 

- - 
pC 

Consider this relationship term by term: mach number in the chamber 

is constant at all test conditions; the dimension of the injection element 

of the least volatile propellant is fixed by design and therefore constant; 

the velocity term is by the design of the hardware, small with the exception 

of variations due to changes in hydrogen temperature; and the chamber 

pressure term was intentionally varied by test contionsD 

for this test series then may be reduced to: 

The correlation 
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f s  f (VR) 

When cons ide r ing  t h e  c o r r e l a t i o n  equat ion  f o r  coaxia l  i n j e c t o r s  t h e  presqure  

r e l a t i o n s h i p  appears  as a term 1'3e This a l s o  a p p l i e s  t o  mul t i -  

['::it 1 
o r i f i c e  i n j e c t i o n  as r epor t ed  i n  Refs ,  2 and 5, Th i s  term may a l s o  appear 

as Pc 

Attempts t o  c o r r e l a t e  t h i s  d a t a  wi th  Pc 

cons ide ra t ion  of t h a t  c o r r e l a t i o n  parameter w a s  abandoned. 

-1 f o r  a d i f f u s i o n  l i m i t e d  d r o p l e t  b u m i n g  process  as reDorted i n  Ref. 6 .  
-1 

m e t  wi th  no success  and, t hus ,  f u r t h e r  

Consider ing f i r s t  t h e  p r e s s u r e  term a s  

t h e  c o r r e l a t i o n  f o r  f s  may then  be  w r i t t e n  as 

fS 

By a r b i t r a r i l y  assuming a cons t an t  f o r  t h e  c o r r e l a t i o n  equat ion,  c a l c u l a t i n g  

t h e  r a t i o  of t h e  measured a c o u s t i c  mode frequency t o  t h e  c a l c u l a t e d  s e n s i t i v e  

frequency and p l o t t i n g  t h i s  r a t i o  versus  growth r a t e ,  t h e  d a t a  should maximize 

i f  t h e  c o r r e l a t i o n  i s  c o r r e c t  and determine a c o r r e c t i o n  f a c t o r  f o r  c o r r e l a t i o n  

cons t an t .  A value of 10 w a s  assuned f o r  K, 
4 

Consider ing f i r s t  t h e  d a t a  from a s i n g l e  set of test 

hardware t o  minimize sca t te r  of t h e  d a t a  due t o  hardware v a r i a t i o n s ,  t h e  

d a t a  from t h e  chamber us ing  fou r  i n j e c t o r s  wi th  t h e  fundamental mode frequency 

near  5500 Hz w a s  s e l e c t e d .  These d a t a  are shown i n  F igure  Lt6 and a peak res- 

ponse i s  observed nea r  f / f s  = 1 , 2 *  
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Data from t h e  e n t i r e  test program w a s  considered as 

shown on F igure  47. 

shows a peak response n e a r  f / f s  = 1.6. 

v a r i a t i o n  i n  t h e  c o r r e l a t i o n  of a l l  the d a t a  from f / f s  = 1.6 t o  f f f s  = 1.2. 

For  a des ign  c r i t e r i a  t h i s  amount of v a r i a t i o n  i n  f s  does no t  pose s e r i o u s  

problems. 

The envelope f o r  a l l  t h e  d a t a  and t h e  b e s t  f i t  curve 

There i s  appa ren t ly  only  a 25 pe rcen t  

For  conse rva t ive  des ign  t h e  h ighes t  va lue  should be used o r  i n  

terms of s e n s i t i v e  frequency a val,ue of K would become 1.6 x 10 4 e The 

c o r r e l a t i o n  equat ion  may then  be  w r i t t e n  as: 

f s  = 1.6 x 10 P r  1/3 f (VR) 

I n  t h e  c o r r e l a t i o n  f o r  t h e  coax ia l  i n j e c t o r s  t h e  v e l o c i t y  

term w a s  expressed as t h e  product  of i n j e c t e d  p r o p e l l a n t  v e l o c i t y  r a t i o  and 

t h e  s i n e  of t h e  inc luded  angle  between t h e  o x i d i z e r  and f u e l  streams, 

t h a t  t h e  same form would apply h e r e  t h e  c o r r e l a t i o n  equat ion  becomes: 

Assuming 

f s  = 1.6 x 10 Pr 1’3 F (VR s i n  8 )  

The inc luded  angle  of t h e  HIPERTHIN i n j e c t o r  i s  d i f f i c u l t  

t o  determine but  a t  b e s t  i t  i s  q u i t e  s m a l l  a s  i s  t h e  s i n e  of t h e  angle .  I n  

o rde r  t o  e s t a b l i s h  t h e  r e l a t i v e  importance of t h e  v e l o c i t y  term it i s  assumed 

t h a t ,  s i n  8 = 0.1. The v e l o c i t y  r a t i o  of t h e  tes ts  from which t h e  d a t a  f o r  

F igures  46 and 47 w a s  ob ta ined  va r i ed  from 4.2 t o  5.4. Refer r ing  t o  F igu re  

36 i t  can be  seen t h a t  F (VR s i n  8 )  w i l l  range from 1.33 t o  1.23 f o r  va lues  

of VR s i n  8 of 0.42 t o  0.54. 

of t h e  cons t an t  K a l r e a d y  determined from F igures  46 and 47 and thus  may 

s a f e l y  be inc luded  as p a r t  of t h i s  cons t an t ,  The f i n a l  c o r r e l a t i o n  from t h e  

HIPERTHIN t e s t i n g  from t h i s  program i s  then 

Th i s  spread  i s  w e l l  w i t h i n  t h e  25% v a r i a t i o n  

4 1 / 3  f s  = 1.6 x 10 Pr 

Th i s  i n t e r p r e t e d  i n  terms of f s  would produce a s e n s i t i v e  frequency of 16,000 

HZ when chamber p re s su re  i s  700 p s i a ,  and f s  = 8500 Hz when chamber p re s su re  

i s  100 p s i a .  
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C. Gas-Gas T e s t i n g  

1. High P r e s s u r e  

a. Tes t  Resu l t s  

A to ta l .  of twelve t e s t s  were planned t o  eva lua te  

t h e  dynamic s t a b i l i t y  of t h e  impinging s w i r l  cup i n j e c t o r  us ing  gaseous oxygen/ 

gaseous hydrogen p r o p e l l a n t s .  There w e r e  t o  be  two groups of t e s t s  as shown 

i n  Table  6; t h e  f i r s t  series a t  nominal h igh  p r e s s u r e  A P S  cond i t ions  and t h e  

second ser ies  a t  p e r i p h e r a l  condi t ions .  A l l  twelve t e s t s  were completed and 

t h e  s t eady  s t a t e  d a t a  are shown i n  Table  7. A l l  twelve tes ts  were spontaneously 

u n s t a b l e  a t  a low level  ( less  than  5% peak t o  peak of Pc).  The f i r s t  f i v e  t e s t s  

were conducted w i t h  ambient temperature  p r o p e l l a n t s .  The mixture  r a t i o  i n  t h e s e  

t e s t s  ranged from 2.07 ,to 6.16. 

The f i r s t  t e s t  w a s  1 second i n  du ra t ion  w i t h  t h e  

bomb e l e c t r i c a l l y  de tona ted  a t  approximately 500 msec a f t e r  FS1. The h igh  

frequency p r e s s u r e  d a t a  showed a p r e c e s s i n g  f i r s t  t a n g e n t i a l  mode a t  6000Hz 

and 10 - 1 5  p s i  peak t o  peak.. The bomb c r e a t e d  a maximum overpressure  of 

approximately 120 p s i  which decayed t o  t h e  o r i g i n a l  level  i n  1 m s e c .  The 

Photocons i n  t h e  f eed  l i n e s  i n d i c a t e d  unorganized o s c i l l a t i o n s  a t  10 - 25KHz 

and 10 - 20 p s i  peak t o  peak, 

The second t e s t  w a s  a 0.5 second t e s t  w i th  t h e  bomb 

de tona ted  a t  250 msec a f t e r  FS1. The h igh  frequency d a t a  showed an p o s s i b l e  

second t a n g e n t i a l  mode a t  8000 - 10000 Hz and approximately 10  p s i  peak t o  peak. 

A maximum p r e s s u r e  s p i k e  of approximately 95 p s i  decayed t o  t h e  o r i g i n a l  

cond i t ions  i n  1 msec. The Photocons i n  t h e  f eed  l i n e  i n d i c a t e d  an i r r e g u l a r  

8500 Hz i n  each l i n e  a t  5 p s i  peak t o  peak i n  t h e  hydrogen and 20 p s i  i n  t h e  

oxygen Line. 
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The Photocon l o c a t e d  a t  t h e  270' p o s i t i o n  w a s  

destroyed nea r  t h e  end of t h i s  t e s t  f o r  no obvious reason. 

and chamber both appeared f r e e  of any i n d i c a t i o n  of overheat ing i n  t h i s  region,  

Therefore ,  i t  w a s  decided t h a t  t h e  f a i l u r e  could have been a f l u k e  and 

ano the r  Photocon w a s  i n s t a l l e d  f o r  T e s t  3, 

The i n j e c t o r  

T e s t  3 again i n d i c a t e d  a ve ry  low level o s c i l l a t i o n  

The bomb produced a 55 p s i  a t  8600 Hz an 6 p s i  peak t o  peak i n  t h e  chamber. 

ove rp res su re  which decayed i n  2 msec t o  t h e  o r i g i n a l  s t eady  s t a t e  cond i t ions ,  

The f eed  l i n e s  each i n d i c a t e d  t h e  pesence of t h e  8600Hz o s c i l l a t i o n  a t  5 p s i  

i n  t h e  hydrogen l i n e  and 15 p s i  i n  t h e  oxygen l i n e .  

destroyed.  

The Photocon w a s  again 

T e s t s  4 and 5 were almost i d e n t i c a l  t o  T e s t  3 wi th  an 

approximately 8000 Hz o s c i l l a t i o n  at  6 p s i  peak t o  peak. The bomb c r e a t e d  

a 50 p s i  s p i k e  decaying i n  4.5 msec and a 60 p s i  s p i k e  decaying i n  6 msec 

i n  Tests 4 and 5 r e s p e c t i v e l y .  The f e e d  l i n e s  showed o s c i l l a t i o n s  a t  t h e  same 

frequency as t h e  chamber a t  15 p s i  peak t o  peak i n  t h e  oxygen l i n e  and 4 p s i  

peak t o  peak i n  t h e  hydrogen l i n e .  

Tests 6 and through 10 w e r e  a s e r i e s  of t e s t s  

conducted wi th  ambient oxygen and p recond i t ioned  hydrogen wi th  mix tu re  r a t i o s  

ranging from 2.21 t o  6,56, 

Tests 6 and 7 r e a c t e d  s i m i l a r  t o  t h e  previous t h r e e  

tests. T h e  chamber o s c i l l a t i o n  w a s  8000 - 8500 Hz a t  4 p s i  w i th  t h e  bomb 

producing a 40 p s i  s p i k e  i n  t e s t  6 and a 55 p s i  s p i k e  i n  T e s t  7 which decayed 

i n  2 and 3.5 sec r e s p e c t i v e l y .  The f e e d  l i n e s  a l l  i n d i c a t e d  o s c i l l a t i o n s  of 

approximately 8000 Hz a t  5 - 1 5  p s i ,  

Tests 8 and 9 behaved ve ry  much a l i k e  however somewhat 

d i f f e r e n t  from t h e  remainder of t h e  s e r i e s ,  The chamber frequency inc reased  

t o  9500 - 10,000 Hz a t  5 - 10 p s i  peak t o  peak s t eady  state.  

a 95 - 100 p s i  s p i k e  i n  t h e  chamber i n  each case which decayed i n  5.2 msec i n  

Tes t  8 and 4 sec i n  T e s t  9. The f u e l  f eed  l i n e  had a s t eady  s t a t e  o s c i l l a t i o n  

of 7500 Hz a t  10 - 15 p s i ,  

The bomb c r e a t e d  

The oxygen f u e l  l i n e  in s t rumen ta t ion  i n d i c a t e d  a 
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8000 .., 8500 H z  o s c i l l a t i o n  a t  approximately 25 p s i  peak t o  peak i n  each case.  

I n  Tes t  9 t h e r e  w a s  a l s o  a 1600 H z ,  40 p s i  peak t o  peak p res su re  o s c i l l a t i o n  

observed i n  t h e  oxygen f eed  l i n e .  

T e s t  10 w a s  t h e  l a s t  of t h e  group of ambient oxygen, 

precondi t ioned  hydroger, tests. The spontaneous o s c i l l a t i o n s  i n  t h e  chamber 

were a t  8000 H z  and 6 p s i  peak t o  peak. 

165 p s i  which decayed t o  t h e  s t eady  s t a t e  o s c i l l a t i o n  i n  6,3 msec. 

The bomb produced an overpressure  of 

The oxygen 

f e e d ' l i n e  had an o s c i l l a t o r y  p re s su re  of 25 p s i  peak t o  peak a t  7000 Hz 

superimposed on a 1600 H z ,  50 p s i  peak t o  peak o s c i l l a t i o n .  The f u e l  l i n e  

o s c i l l a t e d  a t  7500 Hz and 15  p s i  peak t o  peak once aga in  on a 1600 Hz, 20 

p s i  peak t o  peak s i g n a l .  

T e s t  11 w a s  designed t o  t e s t  t h e  effec. t  on s t a b i l i t y  

of p recond i t ion ing  bo th  p r o p e l l a n t s  a t  nominal mixture  r a t i o  and chamber 

p r e s s u r e  condi t ions .  

a t  5 p s i  peak t o  peak w i t h  a 70 p s i  bomb induced sp ike  decaying i n  4.6 msec. 

The p r o p e l l a n t  l i n e s  both had 8000 H z  o s c i l l a t i o n s  a t  15 p s i  peak t o  peak. 

Th i s  w a s  superimposed on a 1 6 C O  HZ 30 p s i  peak t o  peak o s c i l l a t i a n  i n  t h e  

oxygen l i n e .  

Th i s  t e s t  produced a 10 KHz s t eady  s t a t e  o s c i l l a t i o n  

T e s t  12  w a s  a r eve r se  of tes ts  6 through 10 i n  t h a t  

t h e  hydrogen was a t  ambient cond i t ions  and t h e  oxygen w a s  precondi t ioned.  

can be seen t h a t  from Table  7 t h a t  i n  t h e  t e s t s  where only one p r o p e l l a n t  i s  

precondi t ioned  t h e  in t e rman i fo ld  hea t  t r a n s f e r  i s  s u f f i c i e n t  t o  s i g n i f i c a n t l y  

reduce t h e  temperature  of t h e  ambient p r o p e l l a n t .  I n  most cases  t h i s  d i d  no t  

amount t o  much, however, i n  t h i s  case  t h e  ambient hydrogen w a s  reduced from 

approximately 530 R t o  400 R i n  tEe hydrogen manifold.  

ins t ruments  showed r e s u l t s  very  s i m i l a r  t o  T e s t  11 w i t h  a 9500 Hz ,  5 p s i  

o s c i l l a t i o n  i n  t h e  chamber. The bomb caused a 55 p s i  sp ike  which decayed 

i n  5,3 msec. 

and 15 p s i  i n  T e s t  11, 

It 

0 0 The h igh  frequency 

The p r o p e l l a n t  l i n e  h igh  frequency o s c i l l a t i o n s  were 8000 H z  
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The d a t a  from chamber thermocouples were eva lua ted  

with t h e  i n t e n t i o n  of p o s s i b l y  o b t a i n i n g  some information on combustion 

e f f i c i e n c y  as a f u n c t i o n  of a x i a l  d i s t ance .  

perhaps due t o  t.he f a c t  t h a t  t h e  thermocouple c l o s e s t  t o  t h e  i n j e c t o r  w a s  

3.35 i n .  from t h e  f ace .  Most l ikely, ,  t h e  l a r g e s t  t r a n s i e n t s  i n  combustion 

i n t e n s i t y  w e r e  upstream of t h i s  po in t .  

Th i s  proved f r u i t l e s s ,  however, 

b. S t a b i l i t y  C o r r e l a t i o n s  

A l l  twelve tests i n  t h i s  t es t  program were s imi l a r  

from a combustion s t a b i l i t y  s t andpo in t .  

w i th  ve ry  low l e v e l  i n s t a b i l i t i e s  (one t o  f i v e  p e r c e n t  of chamber p r e s s u r e )  

and a l l  recovered from t h e  bomb de tona t ion  t o  t h e  s t eady  s t a t e  cond i t ion  

i n  less  t h a n  10 m s e c .  Due t o  t h e  f a c t  t h a t  t h e r e  w a s  no demarkation p o i n t  

where t h e  engine changed from a s t a b l e  t o  an u n s t a b l e  ope ra t ing  cond i t ion ,  

t h e r e  appears  t o  b e  only two p o s s i b l e  methods of e v a l u a t i n g  combustion sta- 

b i l i t y  as a f u n c t i o n  of mix tu re  r a t i o  and propellant temperatures  from t h i s  

da t a ;  t h e  amplitude of t h e  s t eady  s ta te  o s c i l l a t i o n s  and t h e  recovery t i m e  

from t h e  bomb induced p r e s s u r e  spike.  Even a t  t h a t ,  t h e  use  of t h e  recovery 

t i m e  can a t  b e s t  on ly  i n d i c a t e  t r e n d s  s i n c e  every test d i d  r e g a i n  t h e  s t eady  

s t a t e  p o s i t i o n  w i t h i n  10 msec. It i s  conceivable  t h a t  d a t a  from o t h e r  t es t s  

wi th  s i z e a b l e  i n s t a b i l i t i e s  could a l t e r  any t r e n d s  noted from t h e s e  recovery 

t i m e s  

A l l  were spontaneously u n s t a b l e  

Attempts t o  c o r r e l a t e  t h e  d a t a  i n  r ega rds  t o  t h e  

amplitude of t h e  spontaneous s t eady  s t a t e  i n s t a b i l i t i e s  a l l  proved unsuccessful .  

The p l o t  of recovery t i m e  ve r sus  mix tu re  r a t i o  i n  F igu re  48 shows a d e f i n i t e  

t r e n d  toward i n c r e a s i n g  recovery t i m e  w i t h  i n c r e a s i n g  mixture r a t i o .  

c l u s i o n  is even more e v i d e n t  when p l o t t i n g  recovery t i m e  versus  mixture  r a t i o  f o r  

s e l e c t e d  tes ts  a t  re la t ive ly  cons t an t  f u e l  temperatures  as seen i n  F igu res  49 and 

50. Th i s  t r e n d  i s  i n  o p p o s i t i o n  t o  t h a t  expressed by k i n e t i c s  models such as 

Goede, Ref. 8, b u t  once aga in  must be tempered by t h e  f a c t  t h a t  no i n s t a b i l i t i e s  

g r e a t e r  t han  f i v e  p e r c e n t  of chamber p r e s s u r e  were noted i n  the  d a t a ,  

t he  less,  t h e  d a t a  h e r e i n  l e a d s  t o  t h e  conclusion t h a t  recovery t ime from a 

p r e s s u r e  p e r t u r b a t i o n  i n c r e a s e s  wi th  i n c r e a s i n g  mix tu re  r a t i o e  

This  con- 

Never- 
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2. Low Pres su re  

a. Test Resu l t s  

A t o t a l  of 40 t e s t s  were completed during t h i s  

phase of t h e  program. Twenty-seven of t h e s e  t e s t s  w e r e  vr..lid. The 

remainder f a i l e d  t o  i g n i t e  o r  achieve s u f f i c i e n t  chamber pressure .  The 

d a t a  obta ined  from t h e  successful.  t e s t s  i s  shown i n  Table  8. 

nega t ive  p r e s s u r e  drop on t h e  oxygen feed system s i d e  remains unexplained 

except  f o r  a p o s s i b i l i t y  t h a t  t he  recorded p res su re  w a s  i n  a low p res su re  

area immediately downstream of t h e  oxygen f low v e n t u r i ,  

The apparent  

The f i r s t  s e r i e s  of t e s t s  included Tests 4 through 

15. The purpose of t h i s  series of t e s t s  w a s  t o  e v a l u a t e  t h e  e f f e c t  of t h e  

r e s o n a t o r  i n  t h e  f u e l  feed  system. The l e n g t h  of t h e  r e sona to r  was changed 

throughout t h e  t e s t  series from zero  t o  54 in .  by adding 6 in .  increments 

between t e s t s .  The i n t e n t i o n  of t h i s  approach w a s  t o  a t tempt  t o  l o c a t e  a 

frequency whose wave l e n g t h  would react wi th  t h e  r e sona to r  i n  such a way 

so as t o  e f f e c t  t h e  chamber o s c i l l a t i o r , .  

T e s t s  4, 5, 6 and 7 were f i r e d  wi th  r e sona to r  

l eng ths  of 0 in . ,  6 i n . ,  12 i n . ,  and 18  i n .  r e spec t ive ly .  The high frequency 

in s t rumen ta t ion  i n  t h e  chamber i n d i c a t e d  a o s c i l l a t i o n  of approximately 6000 

HZ a t  1 - 2 p s i  peak t o  peak wi th  some lower frequency component. Th i s  low 

frequency component was t o o  i r r e g u l a r  t o  b e  accu ra t e ly  determined i n  T e s t s  4 

and 5 however i t  appeared more c l e a r l y  on T e s t s  6 and 7 as a frequency of 

1400 - 1500Hz wi th  an amplitude of 2 - 3 p s i  peak t o  peak, For  a l l  of t hese  

t e s t s  t h e  Kistler i n  t h e  end of t h e  r e sona to r  was i n d i c a t i n g  no p res su re  

o s c i l l a t i o n s  of measurable amplitude and t h u s  no apparent  i n t e r a c t i o n  between 

t h e  feed  system and t h e  chamber. 

T e s t  10 w a s  conducted wi th  a 24 in .  r e sona to r ,  

Both t h e  Kis t le r  i n  t h e  chamber and t h e  r e sona to r  i n d i c a t e d  o s c i l l a t i o n s  of 

1500Hz wi th  peak t o  peak ampli tudes of 2 - 3 p s i  i n  t h e  chamber and approxi- 

mate ly  1 p s i  i n  t h e  r e sona to r .  I n  order  t o  eva lua te  t h e  phasing of t h e  1500 
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0 r e sona to r  t h e  d a t a  w a s  180 out of phase throughout t h e  m a j o r i t y  of t h e  t e s t .  

The tes ts  of r e sona to r  l eng ths  from 0 in .  t o  18 in.  

Tests 25 through 28, were s imi l a r  t o  t h e  prev ious  tes ts  i n  t h i s  .series. 

Once aga in  t h e r e  w e r e  1500 Hz o s c i l l a t i o n s  a t  1 - 2 p s i  peak t o  peak i n  t h e  

chamber and 6000 - 6700 Hz o s c i l l a t i o n s  a t  2 - 3 p s i  superimposed on 1500 Hz 

o s c i l l a t i o n s  1 p s i  i n  t h e  resonator .  The previous  t e s t i n g  wi th  t h e s e  resona- 

t o r s  s i z e s ,  tes ts  4 through 7 i n d i c a t e d  no o s c i l l a t o r y  p re s su re  i n  t h e  

r e sona to r  whatsoever and only a 6000 H z  s i g n a l  apparent  i n  t h e  chamber. 

The inc reased  p r e s s u r e  drop i n  t h e s e  cases may be c o n t r i b u t i n g  t o  t h e  

d i f f e r e n c e s  i n  r e a c t i o n ,  however, t h e  mechanism of t h i s  c o n t r i b u t i o n  i s  not  

r e a d i l y  apparent  e 

The l a s t  two ser ies  of tes ts  u t i l i z e d  only  r e sona to r  

l eng ths  of 0, 6, 12 and 18 in .  These series w e r e  abbrevia ted  due t o  a l ack  

of t e s t  s t a n d  a v a i l a b i l i t y  and funds. Tke f i r s t  of t h e s e  s e r i e s ,  T e s t s  29 

through 35, was a r epea t  of Tests 4 through 7 wi th  a s l i g h t  hardware modi- 

f i c a t i o n .  The f u e l  i n l e t  manifold i s  designed t o  be  suppl ied  through t h r e e  

i n l e t s .  The t h r e e  f u e l  f eed  l i n e s  as shown i n  F igu res  31 and 33 are of 

vary ing  lengths .  The two longes t  t ubes  a r e  each approximately 9.5 in .  long 

and t h e  remaining i n l e t  i s  approximately 8.5 in .  i n  length.  It w a s  f e l t  t h a t  

i f  a p r e s s u r e  wave genera ted  i n  t h e  chamber were p rogres s ing  up t h e  f u e l  feed  

system t h a t  t h e  d i f f e r e n c e  i n  l eng ths  of t h e s e  f eed  l i n e s  would czuse i n t e r -  

f e rence  t o  occur  s i n c e  t h e  wave would reach  t h e  i n t e r s e c t i o n  of t h e  t h r e e  

l i n e s  a t  s l i g h t l y  d i f f e r e n t  t i m e s .  

t h e  s h o r t  t ube  disconnected and a Kistler p u t  i n  i t s  p lace .  

The chamber is  shown i n  F igure  51 wi th  

It w a s  be l i eved  a t  t h e  t i m e  of t h e  t e s t i n g  t h a t  Tes t  

30 had been a s u c c e s s f u l ' t e s t  w i t h  a 6 i n ,  r e sona to r ;  however, it was sub- 

sequent ly  determined t h a t  i n  f a c t  t h e r e  had been no i g n i t i o n ,  Therefore ,  

only t h r e e  v a l i d  tes ts  were conducted i n  t h i s  series. 

r e s u l t  from t h i s  t e s t  series was t h e  f a c t  t h a t  t h e r e  w a s  no appearance of 

o s c i l l a t i o n s  i n  t h e  6000 Hz rangee A l l  h igh  frequency ins t ruments  i nd ica t ed  

The only s i g n i f i c a n t  
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HZ s i g n a l s  from t h e  chamber and r e sona to r  t h e  records  w e r e  run through 

a 2 KHz low p a s s  f i l t e r s .  The o s c i l l a t i o n s  i n  T e s t  10 were 180 ou t  

of phase throughout t h e  test .  Tests 1 through 15 u t i l i z e d  r e sona to r s  

from 30 in .  t o  54 i n ,  long. The h igh  frequency d a t a  from t h e  chamber 

i n d i c a t e  a c o n s i t e n t  appearance of t h e  1500 Hz o s c i l l a t i o n .  The r e sona to r  

d a t a  however shows t h e  appearance of h igh  frequency o s c i l l a t i o n  (5000 - 
6700 Hz) i n  a d d i t i o n  t o  t h e  1500 Hz. A l l  of t h e s e  tes ts  seemed t o  have 

a s h i f t i n g  phase r e l a t i o n s h i p  between t h e  two ins t ruments  throughout any 

one t e s t .  

0 

The next series of tes ts  was designed t o  i n c r e a s e  

t h e  p re s su re  drop on t h e  f u e l  feed  system and r epea t  t h e  previous s e r i e s  us ing  

incren;ental  r e sona to r  l e n g t h s  from 0 t o  54 i n .  The f o u r  0.5 in .  d i a .  ho le s  

i n  t h e  f u e l  manifold spacer  were reduced t o  0.2 i n .  by means of a c o l l a r  welded 

t o  t h e  manifold spacer .  The p res su re  drop on t h e  f u e l  s i d e  increased  from 

7 t o  24 percent  w i th  t h e  except ion  of t h e  t e s t  wi th  t h e  24 i n .  resonator .  

For  some unexplained reason  t h e  p re s su re  drop decreased 6 percent  from t h e  

previous  t es t  w i t h  t h i s  resonator .  

The r e s u l t s  of t h i s  series of Tests 16 through 28 

do no t  vary  s i g n i f i c a n t l y  from t e s t s  i n  the f i r s t  series. The tes ts  con- 

ducted wi th  r e sona to r s  ranging from 30 in .  t o  54 i n ,  compared d i r e c t l y  wi th  

t h e  r e s u l t s  of 

The chamber i n d i c a t e d  an o s c i l l a t o r y  p r e s s u r e  a t  approximately 1500 Hz a t  1 t o  

3 p s i  peak t o  peak and t h e  r e sona to r  d a t a  showed a 6500 - 6900 Hz a t  1 t o  2 p s i  

peak t o  peak o s c i l l a t i o n  superimposed on t h e  1500 Hz o s c i l l a t i o n ,  Again t h e  

phasing of t h e s e  two s e t s  of d a t a  w a s  random w i t h  t h e  except ion  of T e s t  23, 

T h i s  tes t  used a 36 in .  r e sona to r  and t h e  phase r e l a t i o n s h i p  between t h e  two 

ins t ruments  appeared t o  be  cons t an t  a t  0 

t h e  prev ious  s e r i e s  wi th  t h e s e  cond i t ions  (Tes t s  11 through 15). 

0 

The p res su re  o s c i l l a t i o n s  observed on T e s t  2 1  were 

s imilar  t o  those  above except  t h a t  once aga in  as be fo re  wi th  t h e  24 i n .  
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p r e s s u r e  o s c i l l a t i o n s  i n  t h e  1450-1500 Hz range a t  1 - 3 p s i  peak t o  peak. 

Th i s  series w a s  t h e  f i r s t  t o  i nco rpora t e  t h e  use  of a Kist ler  i n  t h e  oxygen 

feed  system. While t h e  d a t a  showed t h e  presence  of t h e  1500 Hz o s c i l l a t i o n  

t h e r e  w a s  a 350 Hz o s c i l l a t i o n  a t  2-3 p s i  peak t o  peak a l s o  apparent .  

The f i n a l  s e r i e s  of t e s t s ,  37 through 40,  was an 

a t tempt  t o  eva lua te  o x i d i z e r  f eed  system e f f e c t s  on t h e  chamber o s c i l l a t i o n s .  

P a s t  t e s t i n g  wi th  t h i s  hardware had demonstrated success  i n  e l imina t ing  

chamber o s c i l l a t i o n s  by inc lud ing  an o r i f i c e  i n  t h e  oxygen feed l i n e  and 

thus  " s t i f f en ing"  t h e  system. I n  t h i s  s e r i e s  of tes ts  En o r i f i c e  was 

i n s e r t e d  i n  t h e  l i n e  downstream of t h e  oxygen p res su re  tap .  The K i s t l e r s  

i n  t h e  chamber and f u e l  feed  system i n d i c a t e d  no apparent  change over t h e  

prev ious  t e s t  s e r i e s ,  i . e . ,  t h e r e  were 1450 - 1500 Hz o s c i l l a t i o n s  a t  1 - 2 

p s i  peak t o  peak. The K i s t l e r  i n  t h e  oxygen feed  system was apparent ly  

f a u l t y  o r  t h e r e  w a s  a ppor connect ion and no d a t a  w a s  recovered from t h i s  

instrument .  The s t eady  s t a t e  p r e s s u r e  t r ansduce r  i n  t h e  oxygen l i n e  ind ica t ed ,  

a s  i n  T e s t s  31  through 35, a 1500 Hz o s c i l l a t i o n  superimposed on a 350 Hz 

o s c i l l a t i o n .  

b. S t a b i l i t y  C o r r e l a t i o n s  

The t e s t i n g  of t h e  uni-element t e s t  hardware a t  

cond i t ions  comparable t o  t h e  scheduled low p r e s s u r e  (15 p s i a )  A u x i l l i a r y  

Propuls ion  System of t h e  Space S h u t t l e  have produced no s i g n i f i c a n t  d a t a  from 

which t o  draw a conclus ive  r e s u l t  o t h e r  than t h e  f a c t  t h a t  t h i s  i n j e c t o r  

des ign  appears  q u i t e  s u s c e p t i b l e  t o  chamber-feed system coupled p res su re  

o s c i l l a t i o n s .  Attempts t o  e s t a b l i s h  a pas s ive  damping mechanism i n  t h e  f u e l  

feed  l i n e  were unsuccessfu l  i n  t h e s e  tes ts .  Th i s  w a s  poss ib ly  due i n  p a r t  

t o  t h e  d i s t a n c e  of t h e  r e s o n a t o r  from t h e  i n j e c t o r  f ace  and t o  p a r t i c u l a r i t i e s  

i n  t h e  f eed  s y s t e m  geometryo 

Previous t e s t i n g  of t h i s  hardware had success  i n  

damping chamber p r e s s u r e  o s c i l l a t i o n s  by i n c r e a s i n g  ox id ize r  f eed  system p r e s s u r e  
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drop. Efforts to duplicate those results here were in vain, The data from 

this test program does not indicate conclusively which feed system, if 

in fact it is only one, is the driving mechanism. 
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A, S e n s i t i v e  T i m e  Lag High Mach Number Analysis  

1. I n t r o d u c t i o n  

The s e n s i t i v e  t i m e  l a g  theo ry  has  been used t o  

formula te  ana lyses  of t r a n s v e r s e  and l o g i t u d i n a l  modes of combustion 

i n s t a b i l i t y ,  

p u t e r  program as p resen ted  i n  Ref, 8. 

These ana lyses  have been inco rpora t ed  i n t o  a s i n g l e  com- 

Much e f f o r t  was expended dur ing  t h e  development 

of t h e  program t o  inc lude  an a n a l y s i s  t h a t  would be  v a l i d  a t  h igh  Mach 

numbers. However, t h e  h igh  Mach number a n a l y s i s  t u rned  out  t o  be  q u i t e  

complex and was never  s a t i s f a c t o r i l y  completed i n  t h e  o r i g i n a l l y  intended 

form. 

t h e  e f f e c t s  of Mach number, by assuming t h a t  combustion w a s  concent ra ted  

a t  some a r b i t r a r y  d i s t a n c e  from t h e  i n j e c t o r  f ace ,  The o r i g i n a l  t r a n s v e r s e  

mode a n a l y s i s  i n  t h e  computer program w a s  v a l i d  only  f o r  t h e  fundamental 

t r a n s v e r s e  mode even i f  t h e  h igh  Mach number terms w e r e  neg lec t ed  whereas 

combined t r a n s v e r s e  - l o n g i t u d i n a l  modes could not  be  c a l c u l a t e d  by t h e  pro- 

gram. The modif ied a n a l y s i s  can be  used f o r  any mode of o s c i l l a t i o n ,  though 

t h e  assumpti.on of concen t r a t ed  combustion becomes more r e s t r i c t i n g  f o r  t h e  

combined modes s i n c e  t h e  o s c i l l a t o r y  axial  p r e s s u r e  p r o f i l e  i s  n o t  uniform 

f o r  combined modes. The computer program given i n  Ref. 8 has  been modif ied 

t o  r e f l e c t  t h e  changes i n  t h e  a n a l y s i s  and appears  i n  Ref, 16. 

The a n a l y s i s  w a s  t hen  s i m p l i f i e d ,  bu t  no t  t o  t h e  e x t e n t  of n e g l e c t i n g  

2, Analys is  

The a n a l y s i s  begins  by w r i t i n g  t h e  conse rva t ion  equat ions  

t h a t  are v a l i d  f o r  a concen t r a t e?  combustion zone- The conserva t ion  equat ions  

a r e  w r i t t e n  f o r  t h e  gas on ly  because on ly  t h e  gas  can be cons idered  as a 

continuum. The burning of d r o p l e t s  appears  a s  t h e  gene ra t ion  of a d d i t i o n a l  

mass. The c o n t i n u i t y  requirement ,  t h e r e f o r e ,  i s  t h a t  t h e  r a t e  of mass 

inpu t  t o  t h e  c o n t r o l  volume p l u s  t h e  r a t e  of gene ra t ion  of mass i n  t h e  

c o n t r o l  volume must equal  t h e  f low r a t e  of mass l eav ing  t h e  c o n t r o l  volume 

p l u s  t h e  r a t e  of accumulation of mass i n  t h e  c o n t r o l  volume. I f  t h e  
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2 * 2 * 2 * 

where + and - indicate respectively the qpstream and bmstream Qf the 

canbution front md * indicates that the variable is dimensional. !Zhe 

term is the RRWB burning rate  which will be discussed i n  more deta3.1 

later. 

It is convenient t o  nondimensiomlize aJJ. variables i n  the equations 
because it riu&es most of the roefficients of the perturbatim equation of 
order le 
very differen$ orders of 
The equations are nomcthensionalieed 
m* -* 

When this is not done, terms such &s density and entWpy with 

tude w i l l  cause diff lcul t iee  i n  the calculations. 

the mentum equation by p o c o ~  
ables do not new none 

V 
v = -  * 

0 
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PO 

where the subscript o indicates the stagnation properties of the combustion 

gas. 

Each variable can be separated into a perturbation variable plus 

The perturbation variables are time-dependent while the 

The conservation equations can then be separated 

a mean variable. 

mean vasitibles are not. 

into perturbation equations and mean equations. 

combustion s tab i l i ty  we are interested only i n  the perturbation equations, 

From the standpoint of 

though the mean equations w i l l  be used later t o  relate coefficients i n  the 

perturbation equations. The nondimensiond perturbation conservation equa- 

tions can nm be written as: 
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these eqwtzons 
.. 

front, ??+, is zero- nces of y and y -1 are 

as2 addition t o  the conservation equations, an equation of state 

i s  required t o  relate density t o  pressure. 

equation is: 

The perturbation part of this 

0 
L 

44 * *  when enthdpy is related t o  temperature by the relation h = C 

resulting perturbation equation becomesr 

T , the 
P 

Upstream of the cambustion front the mean velocity has been assumed t o  be zero. 

If, i n  adtiltion, the interaction between the gas and drops is neglected, the 

d , y n a c s  of the region upstream of the caibustfon front is governed by the 

Helmholtz equation: 

Also, velocity can be related t o  pressure the first order equation of motion: 

eaerion these equations 

2 e  2 t  
V + u  p = o  

m 
Page 6 4  



Report 20672-P3F 

en solving the Helmholtz equation f o r  a cylinder of radius rJR, the 
C 

equatians result e 

The variable x is  the nondimensiona3. distance between the injector 
and the combustion frant. 

Downstream of the combustion front an admittame equatim relating 
I f  1 t 

v p and s can be used,where 8 i s  the nondlmensional 
entropy, s e 

t *  
perturbation 

This equation is obtained from the nozzle admittance relation i n  Ref. 14. 
h number, thus by extending e nozzle amJysis has no restr ie t ian on 

the 

we eliminate the necessity 
ion from the nozzle entrance t o  the combustion front, 

t ing and then solving the acoustic equation 
simplifies the axdlysis considerably ana 

only remrli equation required is 
s comes from the therm0 

relation: 

Page 65 



Report 20672-P3F 

where U is the in t e r  energy and V i 

I n  trun" scheme of v x r i  les this becoonee:: 

The mass burning rate can be written in terms of' the sensitive t i m e  lag T and 
an interaction index,n,as: 

It is possible t o  ccmbine th i s  last equation with Equations 1 through 9 t o  
obtain a characteristic equation 

where B is a c lex  W c t i o n  of fr@quency and. 'I and n are r e d  functions of 

t e r i s t i c  ion can be fo iti iom 1 thru g 
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- 0  

where the first pa i r  of brackets indicates 8, s e matrix and the 0th 

e column matrices. When th i s  matrix equation is mKLtipli& by the inverse 
of the square matrix, two o f  the equations represented relate  %, p; and p:. 
The characteristic equat,ion can be written from these and Equation 10, 
size of' the matrix can be reduced by eliminating sane variables merely by 
substitution. 

8 

The 

Fran Equations 6 and 7, the constant A can be eliminated, giving: 

ations 1 through 9 can then be written: 
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I I 

Ep + c y s  = o  
6. - 

If the first column matrix is  written: 

the square matrix can be written: 

= A  
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ere 

3 = -  P, 
1 

-2 

= - -  
1 Y 

I 
V a22 = - 

1 

-3 a 2 4 = + y  

&32 = - 2 

V 
(y-1) - i; 5 - -  

and all other a’s are zero. 

If the second. column mtrix is: 

a41 = 1 

ak2 =: -1 

alC5 == -1 

= -1 
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then 

The a's and b9s m u s t  be evaluated from the following input parameters: 

as well as the conditions: 

The following equations can be used t o  determine other variables: 

A l l  coefficients involvllzg E, and c will be complex. 

After the matrilx equation is multiplier3 by the inverse of /A it 
regreseats a ser ies  of equations re1 

first and f ~ u r t h  of these relate 
ach perturbation varlable t o  % e 
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ions with ion 10: 

Characteristic equation 

2 6, - = Hr + i H i  
P" 6(5 + 5) 

H + i Hi = n (l-e"iwT) r 

2 2 H + Hi r n =  
'r 

This process wild,  be performed for severall values of w e  

c c versus w w i l l  be input. 
Tables of Erj Ei9 

r' i 
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Definition of Terms 

a 

A 

A 
b 

C 

cP 
g 
h 

H 

j 

J, 
K1 

K2 . 
mb 
n 

P 
r 

r 

R 

e 

S 

sm 
T 
U 
V 

v 
X 

Y 
c 
E 

elements of square matrix 

intermediate constant 

square matrix 

elements of second column matrix 

speed of sound 

specific heat at constant pressure 

gravitational constant 

ent ha 1 p y 

chamber admittance 

-J-i 
Bessel function of the first kine of order U 

intermediate constant,in characteristic equation 

i.ntermediate constant in characteristic equation 

mass burning rate 

interaction index 

pressure 
radius of cylindrical chamber 

radius 

gas constant 

entropy 

Mode number for a transverse mode of a cylindrical chamber 

temp e r at u re 

internal energy 

velocity 

volume 

non-dimensional distance between injector and combustion front 

Ac ous t i c admit t ance 

combined nozzle admittance coefficient 

nozzle admittance coefficient 
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Greek Letters 

Y ratio of specific heats 
0 

P density of chamber gases 
I- sensitive time lag 

w frequency 

coordinate in the tangential direction 

Sup e r script s 

m. denotes variable does not vary with time 

denotes variable does vary with time 9 

* indicates that variable is dimensional 

Subscripts 

+ denotes variable is evaluated upstream of combustion front 

- denotes variable is evaluated downstream of combustion front 

L liquid 

0 denotes variable is evaluated at stagnation conditions 

r real part of complex variable 
i imaginary part of complex variable 
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B, Gas Tapoff Cycle Analysis  

1. I n t r o d u c t i o n  

T h i s  a n a l y s i s  d e a l s  w i th  a f eed  system coupled one- 

dimensional s t a b i l i t y  problem f o r  a gas t a p o f f  cyc le  us ing  gaseous hydrogen 

and oxygen, The t zpof f  c y c l e  cons ide r s  t h a t  a p o r t i o n  of t h e  combustion 

product gases  a r e  "tapped o f f "  f o r  use elsewhere.  

generated as a r e s u l t  of t h i s  a n a l y s i s  can be rbn w i t h  o r  without t h e  t apof f  

c y c l e  included. 

i n  t h e  chamber, The burning p rocess  i s  t r e a t e d  as a p rocess  of temperature,  

molecular  weight and s p e c i f i c  hea t  change. A very gene ra l  expres s ion  re-  

l a t i n g  i n j e c t i o n  ra te  t o  burning r a t e  i s  used. 

as an appendix t o  Ref. 16. 

The computer program 

It inc ludes  t h e  wave motion and h e a t  motion ( en t ropy  wave) 

Th i s  computer program appears  

The many equat ions ob ta ined  are solved us ing  matrices. 

The matrix ope ra t ions  however are used on ly  on t h e  equa t ions  invo lv ing  r e a l  

v a r i a b l e s .  

b u i l t  i n t o  t h e  program so t h a t  t h e  program can be used on a v a r i e t y  of 

computers. 

The complex a r i t h m e t i c  used on t h e  complex equa t ions  has been 

The f i n a l  r e s u l t  of t h e  a n a l y s i s  i s  a system c h a r a c t e r i s t i c  

equa t ion ,  S t a b i l i t y  of t h e  system can be determined u s i n g  t h e  Nyquist c r i t e r i a  

Ref. 11. 

2.  Technical  Desc r ip t ion  

The f eed  system coupled s t a b i l i t y  problem a t  low f r e -  

quencies can be analyzed convenient ly  by d i v i d i n g  t h e  problem i n t o  two 

p a r t s ;  t h e  f e e d  system and t h e  chamber. Each p a r t  can be analyzed s e p a r a t e l y  

and then  combined t o  determine t h e  system s t a b i l i t y .  Method of analyzing t h e  

f e e d  system i s  w e l l  developed, Ref. 11, bu t  t h e  t r a d i t i o n a l  method of analyzing 

t h e  chamber i s  q u i t e  p r i m i t i v e .  Tke t r a d i t i o n a l  method, Ref, 12 and 13, con- 

s i d e r s  t h e  volume of p r o p e l l a n t  i n j e c t e d  i n t o  t h e  chamber t o  be n e g l i g i b l e  

and t h e  burning t o  be a p rocess  of gas  gene ra t ion .  

of unburned p r o p e l l a n t  i s  assumed n e g l i g i b l e  compared t o  t h e  volume of 

I n  o t h e r  words t h e  volume 
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This 8nalysis looks at the chamber i s  but 
provision fo r  the feed syxtem eff'ects. Far slnrplfcity the combus- 
t ion is assumed t o  occur at one discrete plane. 
the combustion does occur over a length that is snd l  compared t o  the wave 
length of the oscillation. 
exhaust nozzle. 
anslyzed i n  Reference 14. 
In addition t o  the propellant feed lines an addltiolcral feature m u s t  be 

W s  is Justified, since 

After combustion the goes through the sonic 
The dpxmics of a SOnic exhaust nozzle have been well 

The rmA.ts of that anaJysis will be used here. 

a,ccounted for In the gas tapoff cycle,the dynamics of the tapoff duct. 
analyze the combustion f ront  the following relationships must be used: 

To 

Conservation of mass 

Conservation of Momentum 

Pf - P x 

m 

I, Y Y  
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h O  0 
"OP H2 hoH 2 + 'H20 H2 

= Y  

Defin i t ion  of the p r o d u c t  s p e c i f i c  h e a t  in  terms of i t s  c o m p o s i t i o n  

cpP = Y  H2 ' 'H20 CPH20 

Def in i t i on  of the mass f r a c t i o n  of s p e c i e s  in the p r o d u c t s  

H2° 
Y = 1 - Y  

*2 

E q u a t i o n  of state 

P = RpT 

Defin i t ion  of the m o l e c u l a r  we igh t  of the p r o d u c t s  

P M W  M2 -I- XHZO MW = X 
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D e f i n i t i o n  of t h e  mole f r a c t i o n  of s p e c i e s  i n  p roduc t s  

- - X 
'H20 + 

H2 

= 1 - 5  
5 2 0  2 

The a n a l y s i s  of t h e  s o n i c  exhaust nozzle  r e s u l t s  i n  a r e l a t i o n s h i p  between 

p e r t u r b a t i o n s  i n  p r e s s u r e ,  v e l o c i t y  and entropy: 

I 1 

+ c r p '  + B S p  = o  
YP vP P 

The entropy can be r e l a t e d  t o  o t h e r  p r o p e r t i e s  through t h e  thermodynamics 

equa t ion  

The i n j e c t i o n  rates are r e l a t e d  t o  t h e  f e e d  l i n e  dynamics by t h e  

fol lowing equat ions:  
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W' x - 
p x  

1 

W f  

P f  
1 

1 

t W 

I 

X 
P 

X e 

X 
2 

f - i w T  
e 

zf 

1 

Zt 

The final equation which 

be written as 

- iwT 
X F e  

35 
z 

completely characterizes the system stability can 

- iuTf 

t l =  0 H t -  C - e  t 

zf Zt 

The problem then amounts to the determination of F, G and H from the 

previous equations. 
value plus a perturbation value which varies with t h e .  

then be divided into a mean equation and a perturbation equation. 

27 perturbation equations which must be solved simdtaneously. 

with the help of matrices. 

To do this, all variables must be written a s  a mean 

Each equation can 

There 'are 

This is done 
Since 22 of the equations contain only real  cob 

efficients they will be solved using matrices as follows: 

The matrix 

Al l  the coefficients of these matrices a r e  real. 

involve complex variables and a re  solve 

equation e 

A is a 22 x 22 matrix and the others a r e  column matrices.  

The remaining 5 equations 

simultaneously to obtain the final 

4 
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There are some important assumptions t h a t  are implied by t h e  

b a s i c  equa t ions  p re sen tedo  

t h e  gas  momentum and k i n e t i c  energy terms have been dropped, 

assumes t h a t  t h e  Mach number i s  small compared t o  u n i t y ,  Also, i n  

developing t h e  p e r t u r b a t i o n  equat ions,  products  of p e r t u r b a t i o n s  are 

neg lec t ed  which means t h a t  only s m a l l  amplitude o s c i l l a t i o n s  can be 

t r e a t e d  ( s m a l l  compared t o  t h e  mean v a r i a b l e s ) .  

t i e s  of t h e  p roduc t s  only hydrogen and water are assumed t o  be i n  t h e  

p roduc t s  which i n f e r s  t h a t  t h e  engine must be runr.ing f u e l  r i ch .  The 

a n a l y s i s  i s  l i m i t e d  t o  an engine u s i n g  gaseous oxygen and gaseous hydrogen. 

F i r s t  i n  t h e  momentum and energy equa t ions ,  

T h i s  

I n  d e f i n i n g  t h e  proper- 

Page 79 



3. 

Report 20672- P3F 

DEFINITION OF TERMS 

AA 

BB 

cc 

CP 

DD 

e 

EE 

F 

FF 

g 

G 

GG 

h 

hO 

H 

i 

Mw 

P 

[sz 

R 

S 

T 

P 

W 

x 

22 x 22 r e a l  m a t r i x  

column m a t r i x  m u l t i p l y i n g  AA 

column mat r ix  m u l t i p l y i n g  & 

s p e c i f i c  h e a t  a t  cons t an t  p r e s s u r e  

column m a t r i x  m u l t i p l y i n g  ;rf 1 

base of t h e  n a t u r a l  logari thm 

column m a t r i x  m u l t i p l y i n g  G 1 

c o e f f i c i e n t  i n  c h a r a c t e r i s t i c  equa t ion  

coluiin m a t r i x  m u l t i p l y i r g  P ' 

a c c e l e r a t i o n  of g r a v i t y  

c o e f f i c i e n t  i n  c h a r a c t e r i s t i c  equatjoii  

column m a t r i x  m u l t i p l y i n g  S ' 

en tha lpy  

en tha lpy  of element a t  r e f e r e n c e  temperature  of 77 F 

c o e f f i c i e n t  i n  c h a r a c t e r i s t i c  equa t ion  

X 

t 

P 

P 

0 

molecular  weight 

p r e s s u r e  

u n i v e r s a l  c o n s t a n t  

gas cons t an t  

en t ropy  

t emp er a t u r  e 

ve 1 o c i  t y  

weight f low r:.te 

mole f r a c t i o n  
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Y 

2 

CY 

B 

Y 

P 

7 

w 

Subs crip t .s 

X 

f 

t 

H2 

H2° 

P 

0 

R 

mass fraction 

axial coordinate 

nozzle admittance coefficient 

nozzle admittance coefficient 

ratio of specific heats 

density 

total tine lag between injection and combustion 

frequency 

oxidizer 

fuel 

t apof f 

hydrogen 

water 

products 

stagnation conditions 

reference 
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C. Staged Combustion Cycle Analysis  

1, INTRODUCTION 

Th i s  a n a l y s i s  uses t h e  s e n s i t i v e  t ime l a g  theory i n  both 

combustors of a s t aged  combustion cycle .  It cons ide r s  only l o n g i t u d i n a l  

modes and no f e e d  system e f f e c t s  are included. The primary and secondary 

combustors a r e  coupled by inc lud ing  i n  t h e  secondary a n a l y s i s  t h e  f low 

o s c i l l a t i o n  gene ra t ed  i n  t h e  priw.arp combustor. A s  i n  o t h e r  ana lyses  using 

t h e  s e n s i t i v e  t ime l a g  theo ry  and n and 7 curve f o r  n e u t r a l  s t a b i l i t y  i s  ob- 

t a i n e d  (Ref. 8). Since a s t a g e d  combustion c y c l e  has two combustors t h e r e  

a r e  two sets of n ' s  and T ' s ,  one set  f o r  t h e  primary combustor and one s e t  

f o r  t h e  secondary combustor. I n  t h i s  a n a l y s i s  t h e  n and 7 f o r  t h e  primary 

g r e  asswned known and t h e  a n a l y s i s  so lves  f o r  t h e  n and T of t h e  secondary. 

2. TECHNICAL 1)E SC.RI PT I ON 

There are many p o s s i b l e  v a r i a t i o n s  i n  conf igu ra t ion  of 

The one analyzed he re  i s  shown i r  F igu re  52. s t a g e 6  combustion cyc le s .  

F igu re  52 a l s o  inc ludes  dimensions and v a r i a b l e s  used i n  t h e  inpu t  t o  t h e  

program. 

t h e  t u r b i n e  which i n  t u r n  d r i v e s  t h e  p r o p e l l a n t  f e e d  pumps. I n  t h i s  a n a l y s i s  

t h e  t u r b i n e  i s  s imulated by a p r e s s u r e  drop which i s  assumed t o  be propor- 

t i o n a l  t o  t h e  square of t h e  flow r a t e  through t h e  t u r b i n e .  No e f f e c t  of t u r b i n e  

The purpose of t h e  primary combustor i s  t o  gene ra t e  gases  t o  d r i v e  

speed change o r  v i b r a t i o n  i s  includede The d i s t a n c e  between t h e  t u r b i n e  i n l e t  

and t h e  p o i n t  where t h e  primary gases  are i n j e c t e d  i n t o  t h e  Secondary chamber 

is assumed t o  b e  n e g l i g i b l e .  The flow coming from t h e  t u r b i n e  t h a t  i s  i n j e c t e d  
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.e 

in:o the secondary combustor is assumed to have a time 
S -- 

injection and combustion. 
distinguished from the sensitive t h e  

This time delay is  a mean total tim 

and T %hi chambers a n  
S Po 

zz le s  are analyzed using one-dimensional acoustics with a finite but smal 

ach number, 

Both charnbcrs are analyzed acoustically the same way so the following 

dcvelopnicnt app1it.s to hotli the primary and secondary combustors. 

following equations arc used in developing the model : 

The 

Conservation of rnas6, 

t -&- (pu) = 0 a t  

Conservation of mQmentum. 

Conservation of energy. 

d = c T t  P 

e P 

Eq. !1:7 
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deal gas la\vc., 

p = pRT q. 24 

The energy equation is siniplified if the kinetic energy 

These terms becornc irnportmit only when Mach number is 

a s s urn p t ion th L' e 11 e r g y c qua t i on b t' c o m  e s : 
1. With th is .  

The above equations have built into them the assumption that the a r e a  of the 

chamber does not change with the distance 2. It has also assumed no com- 

bustion. 

be included in the analysis as a boundary condition. 

The combustion will be assumed to occur a t  the injector face and wil l  

All  the dependent variables in the above equations w i l l  be assumed to 
be composed of a mean par t  which does not vary with time and a perturbation 

pa r t  which does vary wi th  t imee 

- St  p = p + p ' e  

- St p = p + p e e  Eq. 26 

- St u = u t u ' e .  

The variable S is the Laplace variable and i s  in general complex. When these 

are substituted into the equations and products of perturbations axe  neglected 

[which implies that only small culiplitude oscillations w i  be considered) the 

following equations result: 
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dii $iJ. wkre  all s e t  equal to a e r o  In obtaining the above equations 

sincc the area is  not changing and no  combustion i s  occurring. 
z r  

These three equations can be combined to give: 

I 

where hf is the Mach number and c is the acoustic velocity, c = If 
2 the Mach number is small enough YM is negligible compared ta 1, For an 

even smaller Mach number the right-hand side can be neglected. 

equation then becomes the homogeneous Helmholtz equation: 
The governing 

From equations 27thru 30 velocity and density can be obtained in 
r e  s sure e 

c o d  order oundary c ondieion 

ncc the velocity an he e idic 

caust ic  admittarice, 

Page 85 



Report 20672-P3F . 

At the injector the burning rate and pressure are related by the sensitive 

tinic lag burning expression. 

The solution to equation 31 is:  

Eq. 36 

Combining equation $6 wi th  the 2 boundary canditions, after considerable 

algebra, the following expression is obtained. 

1 -  B exp (--$ 2SL 

where B = -- ‘M Eq.37 
1 t B exp t&- sL 

M (1-YP) = 

This expression applies without qualification. to  the primary combustor: 

For the secondary combustor equation37’ must be mgdified slightly to include 
the ilow itijected from the turbine exit as well as the pressure sensitive 

combustion: 

2SLS (e 1 - Bs exp s 

1 $. B e x p  (--- 
1-Y (G e r,* Eq. ‘39 MS 

S c S 
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i s  the combustion time delay for s The factor e 

secondary. The term is determined as fo'llows: Deli 

his can b e  related to 

* .40 

The admittance upstrcsni of the turbine i s  related to the admittance down- 

stream of the turbine by: 

T h e  G in equation 33 is non-dimensional. TQ convert 

S 
iv s GJ 

" 41 

@ 
' e  A 

Gfs to C divide by ws 

e ber. 
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lust f irs t  be solved 

Equation 42 c a n  then be used to get 6. 

.G = - 

equation 39 can be used to solve 

2SL 
1 t B S exp(-? 

c 
S 

M 

s. for 78 

e -sTfs 

The n and T come f r o m  the definition of 

= R (1-e 7 s 

and solve for m (0 
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3. EFINITION OF TERMS 

ntesrnediatc term 

Constants in equatio 
condi t ions 

eat at constant pressur 
- .  . C 

Specific heat a t  constant volume cv _ .  

?e Base of Natural Logarithms 

e Internal energy of stagnant combustion gases  
Q 

Nondinie nsional weight f low admittance injected into 
secondary chamber 

'G Dimensional weight flow admittance upstream of the 
P primary exhaust nozzle 

Enthalpy of stagnant combustion gases 

Length of cylindrical portion of chamber 
0 

h 

L 

M Mach number in cylindrical portion of chamber 

n Pressure interaction index measuring the amount of 
interaction between pressure osci2lations and burning 
rate oscillations 

Pressure 

niversal gas constan 

ixfure Ratio in secondary cha 

ace variable 

t 

u Velocity of gas 

eight flow rate 
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f S  

1' 

Subs c rip t s 

P 
S 

Super scripts 
- 
: 

Total t ime lag of the fuel injected into the secondary 
clianaber in seconds 

Sensitive time lag in seconds 

dimensional frequency in radians per second 

P r i m a r y  c ombus tor 

Secondary combustor 

Mean value - does not vary with time 

Perturbation value 
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T e s t  
No * 

1 

2 

3 

4 

__e 

5 

6 

7 

8 

9 

lo** 
11 

1 2  

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

i 
(lb/ sec) 

3.08 

3.92 

2.18 

16.02 

0 

2.46 

2.36 

4.55 

9.20 

8.22 

-- 
2.80 

5.94 

3.25 

9.85 

9.63 

10.08 

2.58 

16,9 

10.4 

13.0 

16,8 

14.9 

9.6 

2.8 

TABLE 1 

STEADY- STATE OPERATIONS CONDITIONS 
TRANSVERSE EXCITATION CHAMBER TESTS OF COAXIAL INJECTOR 

&f 
( l b / s e c )  - MR 

0;80 3.85 

1.1 3.56 

2.03 1.07 

5.34 3.00 

0.20 12.3 

0.34 6694 

1.00 4.55 

1.58 5.82 

3.55 2.31 

-- -_ 
0.190 14.72 

2.25 2.64 

0.45 7.22 

2.65 3.72 

3.26 2,95 

3.64 2.77 

1.64 1.57 

3.2 5.3 

3.7 2.8 

4.1 3.2 

3,2 5.3 

4,2 3.6 

1.8 5.3 

1.0 2.8 

pC P f J  T f J f *  PoJ ToJ 
(Psis) (psis) _s_ (OR) ( p s i a )  - (OR)  

150 

215 

155 

930 

190 

210 

5 05 

855 

97 5 

-I 

185 

515 

200 

780 

815 

5 15 

150 

770 

580 

7 15 

7 45 

760 

435 

145 

335 

47 5 

885 

2425 

30 0 

369 

1215 

1685 

2665 

334 

1403 

4 05 

1805 

1165 

2425 

1165 

1875 

25 20 

25 25 

1890 

27 45 

1130 

6 30 

200 

125 

210 

85 

150 

240 

17 3 

135 

105 

m-8 

150 

140 

212 

100 

100 

125 

170 

95 

130 

80 

80 

80 

95 

135 

26 5 

345 

36 5 

1755 

300 

3 15 

1090 

2085 

2170 

0 0  

350 

1130 

38 5 

2055 

2150 

2100 

5 25 

1840 

1430 

1695 

1850 

1885 

890 

300 

200 

20 0 

200 

190 

220 

200 

190 

19 0 

185 

205 

190 

200 

195 

185 

180 

190 

17 0 

180 

18 2 

175 

17 5 

17 5 

185 

No. of - MC 

0.11 

0.11 

0.11 

0, I1 

0.11 

0.11 

0.11 

0.11 

0.11 

- 0  

0.11 

0.11 

0.11 

0.11 

0.11 

0.18 

0.18 

0,132 

0.132 

0.132 

0.132 

0,132 

0,132 

0.132 

5 

5 

5 

5 

2 

2 

2 

2 

2 

_ e  

3 

3 

3 

3 

3 

3 

3 

4 

4 

4 

4 

4 

4 

4 

*Measured a t  t h e  en t r ance  of t h e  f u e l  i n j e c t i o n  annulus. 
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TABLE 2 

COAXIAL INJECTOR STABILITY RESULTS 

S Decay Rate Chamber f 

(db/sec  x 103) Conf igura t ion  f / f s  
___I (kHz1 _c1_ (kHz) -c- 

Test f 
No. __. 

10 
11 
12 
13 
16 
15 
16 
17 

18 
19 
20 
21 
22 
23 
24 

2.60 
1.80 
2.85 

5.10 
6.30 
5.95 
5.80 
5.70 

3.53 
4.10 
3.40 
3.80 
3.95 
4.00 
3.95 

3.00 
3.00 
2.95 
3.00 
2.95 
3.00 
3.75 

No Pulse Data 5 I n j e c t o r s  
1.93 1.35 3.2 
1.72 1.05 8 
3.84 0.74 8 I 
1.85 2.75 4.0 2 I n j e c t o r s  
1.92 3.28 Poor p u l s e  I 2.59 2.30 2.8 - 3.2 
3.68 1.57' 4.0 - 5.0 
3.27 1.74 7.0 - 8.0 
Abort Test 3 I n j e c t o r s  
2.30 1.53 8 
2.58 1.59 7.0 

3.70 1.03 7.0 
3.18 1.24 6.0 

1,85 2.14 8 I 1.88 1.81 2.0 - 2.8 
2.17 1.84 6.0 - 8.0 

4.10 0.73 2.4 4 I n j e c t o r s  
3.00 1.00 0.9 
3.96 0.75 4.0 
4.20 0,72 2.0 - 2.2 
4.04 0.73 1.1 
3.14 0.97 1.3 
1.58 2.37 2.7 - 3.6 

f - fundamental mode frequency 
f s  - s e n s i t i v e  frequency 
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Test 
No 0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

_c 

TABLE 3 

TEST PLAN - HIPERTHIM INJECTOR TESTS 

Injector  Face 
Width ( i n . )  

4.0 

4.0 

4.0 

3 .0  

3 .0  

3 .0  

2.0 

2.0 

8.0 

8.0 

8.0 

pC 

(psis) 

100 

800 

800 

100 

800 

800 

100 

800 

800 

100 

8 00 

800 

T(oxid)  
(OR) 

37 5 

T ( f u e l )  
(OR) 

37 5 

375 

550 

37 5 

37 5 

550 

37 5 

37 5 

550 

37 5 

37 5 

550 

m 
5.0 

- 
W T 

( Lb/ s ec )  

0.258 

2.06 

2.06 

0.193 

1.55 

1.55 

0 . 1 3  

1 .03  

1.03 

0.52 

4 . 1 3  

4 - 1 3  
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4 
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E: 

* * m 
I- 

\ 
I I i 

x- * m 
0 I- 
0 
dr \ 
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\ * 
0 m 
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TABLE 6 

TEST PLAN -- 300 PSIA INJECTOR 

Test S e r i e s  1 - Dynamic S t a b i l i t y  a t  Nominal APS Conditions 

ox fue  1 T 
pC 

Test No. psis OR O R  - MR - 
1 

2 

300 4.0 300 200 

300 4.0 530 200 

3 300 4.0 300 530 

4 300 4.0 530 530 

Test S e r i e s  2 - Dynamic S t a b i l i t y  a t  P e r i p h e r a l  APS Conditions 

C TOX T f u e l  P 

T e s t  No. p i a  O R  O R  - MR _. 

9 

10 

11 

1 2  

300 2.0 530 530 

300 3.0 530 530 

300 5.0 530 530 

300 6.0 530 5 30 

300 2.0 530 200 

300 3.0 530 200 

300 5.0 530 200 

300 6.0 530 200 
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7 

cu 
f t / s e e  TALel T wT ox MR e 9kts-t P 

No * pia lb/sec OR OR 

9 

10 

2.2, 

12 

2.07 

3-13 

4.24 

5.26 

6.16 

2.21 

3.08 

4.59 

4.. LL 

6.56 

3. 

3.38 

6.94 

6.65 

6.9 
6.82 

6.68 

6.04 

6.60 

7.85 

6.80 

6.80 

5 -  

6 , s  

520 

535 

535 

540 

530 

500 

500 

490 

480 

500 

380 

380 

7761 

7957 

7707 

7438 

7234 

Boo6 

7893 

7506 

7724 

7lJ.5 

8073. 

7363 
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5 
6 

18 

13 
2.4 
15 
16 
f 
a8 
.a 

23 

35 

Repoft 2067293F 
8 

OF 

3 
2.63 i1y.66 
2.63 

86% 17.75 
2.63 17.42 
2-63 17.67 
2.63 a7.4.9 
2.63 33.54 
2.63 * 59 
2-63 17.59 
2.65 
2.65 17.3 
2.65 17.47 
2.65 17.32 
2.65 17.28 
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Transverse Excitation Chamber on T e s t  Stand 

Figure 1 
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Figure 3 
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Figure  4a. T r i p l e t  I n j e c t o r  w i th  S t a i n l e s s  Steel  Face 

F igure  4b, T r i p l e t  I n j e c t o r  w i th  All-Copper Face 

T r i p l e t  I n j e c t o r s  - S t a i n l e s s  S t e e l  and Copper Face Comparison 

Figure  4 



Report 206 72-P3F 

Copper Face Fuel  Manifold 
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Figure 5 



Report 20672-P3F 

Copper Face Fuel  Manifold V = 200 f t / s e c  
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Figure 6 
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Seven Element Transverse Excitation Chamber and Components 

Figure 7 
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Figure 9a. Fundamental Transverse and Fundamental P lus  F i r s t  Radial  Modes 

F igure  9b. F i r s t  Harmonic Mode 

Acoust ic  Pressure  P r o f i l e s  

F igure  9 
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Figure 13 
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Figure 14 
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HIPERTHIN I n j e c t o r s  and Heat Sink E x c i t a t i o n  Chambers 

Figure 15 
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3 INCH INJECTOR,  

2 INCH INJECTOR 

,Completed HIPERTHIN In j e c t o r s  

Figure 17 



Report 20672-P3F 

Figure 18 



Report 20672-P3F 

6" 
d u 
(d 
0 
V 

k 
0 u x 
1-) c 
H 

F i g u r e  19 



I 

tin c 
rd u 
.+ 
rn 

Report 20672-P3F 

rn 
k 
0 
4J 
U 
Q) 
‘r) 
0 
H 

0 
*I4 

a 

Figure 20 
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Figure 22 
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Figure 24b. Modified Kistler Model 615A Transducer 
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Figure 24a. Kist ler  Model 615A Transducer 
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Figure 25 
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Figure 26 
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Figure  28 
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Low Pressure Gas-Gas Hardware 

Figure 30 
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Figure 40 
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Figure 42 
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